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FOREWORD 


‘THE PLAN to publish a memorial to Irving Langmuir, including all of the 
scientific output of his brilliant career in research, was announced to me by 
Captain I. R. Maxwell, managing director of Pergamon Press, late in 1958. 
My associates and I were asked to aid the venture by providing editorial advice 
and counsel, by enlisting the cooperation of scientific friends and acquaintan- 
ces, and by assisting in the collection and identification of material. Our enthu- 
siasm for the project and our willingness to cooperate sprang from two impor- 
tant considerations. 

First, Langmuir’s career provides an outstanding example of how free, 
but discriminating, inquiry in pure science may yield not only vital new know- 
ledge and understanding of nature, but also a great bounty of practical use- 
fulness for society. Secondly, Langmuir’s associates hold him not only in great 
respect, but in very great affection as well. Hence the preparation of these 
volumes has been more than a service; it has been a labor of love. 

The original plan was to publish Langmuir’s works in three or four volumes, 
but for very good reasons, which developed during the course of the project, 
the series has grown to twelve volumes. The quantity of Langmuir’s published 
scientific work proved to be far greater than we had estimated, and some 
previously unpublished wartime research and reports on meteorological studies 
were of such importance that their inclusion in the volumes was miandatory. 
Moreover, some exceptionally interesting philosophical papers and publications 
served to round out the literary portrait of Langmuir as a man and as a scientist. 

My associate editors, Sir Eric Rideal and Professor P. W. Bridgman, have con- 
tributed generously from their great wealth of knowledge and their intimate 
acquaintance with Dr. Langmuir. It is a pleasant duty to acknowledge that the 
many members of the Honorary Editorial Advisory Board have participated 
in this venture with enthusiasm, and that their editorial contributions to the 
separate volumes have added tremendously to the appraisal and interpreta- 
tion of Langmuir’s collected works. I particularly want to acknowledge with 
gratitude the valuable work of Professor Harold E. Way of Union College 
who, in the capacity of Executive Editor, has carried the major task of assuring 
that our responsibilities and commitments were fulfilled. 

I first met Irving Langmuir in the General Electric Research Laboratory 
when I joined the research staff in 1930, but our first meeting might equally 
well have taken place on a ski hill in the Adirondacks, at Lake George where 
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he liked to spend the summer, or on a climb on Mt. Marcy, for he had a prevail- 
ing love of the out-of-doors. Whether in the Laboratory or in the mountains, 
an intense curiosity about natural phenomena constantly pervaded his thoughts. 
In fact, I have never met anyone else who was so well coupled to nature. 

I am sure that, like all observant people, Langmuir perceived the beauty 
of nature as portrayed by the qualities of form, color, mass, movement, and 
perspective. In addition, however, Langmuir was delighted and entranced 
even more by the challenge to understand the working of nature as portrayed 
in the phenomena of everyday life — clouds, ripples on water, bubbles in ice, 
the temperature fluctuations of air and of water, the plastic quality of snow, 
the flight of a deer fly, and the thousands of “simple” phenomena which nearly 
everyone takes for granted. These: manifestations of nature held endless fas- 
cination for Langmuir, and he constantly challenged himself to explain basic 
phenomena in terms of known laws of science. Of course, the same curiosity 
characterized his work in the Laboratory, and hence, provided the unifying 
motivation for his career, whether at “work” or at “play”. 

Langmuir’s scientific work is so completely and perceptively described 
and appraised in the separate volumes of this work that only a few general 
comments and observations are appropriate, or indeed possible, at this point. 

One striking feature of his research method was its instrumental simplicity. 
Although his career extended into the glamour age of science, characterized 
by large, impressive, and expensive machinery such as the cyclotron, the 
synchrotron, and particle and radiation diffraction equipment, his own ex- 
periments were almost invariably simple and uncluttered. He seemed posi- 
tively attracted to simple experimental techniques, in refreshing contrast to 
what sometimes appears to be a fashionable reliance on impressive and expen- 
sive complexity of research equipment. His work with heat transfer in gases, 
and later with electron emission phenomena from metals, employed laboratory 
glassware of stark simplicity. His studies of surface films, especially films 
on water, employed beautifully simple experimental equipment. The Labor- 
atory work on aerosols and smokes, and later on the nucleation of supercooled 
clouds, was all carried on with apparatus that could be assembled from the 
equipment of a typical home. His classical experiments on the “speed of deer _ 
fly” came about as close as possible to the string, wax, and paperclip approach 
to science; yet they sufficed to establish the essential facts sought by the inves- 
tigation. Probably few scientists, before or since Langmuir, have gained 
so much important new knowledge of nature with such simple research equip- 
ment. 

Similarly, Langmuir preferred to work with a few collaborators, rather 
than a large group or team of researchers, for this favored a close contact 
with the work on a participating basis. His ability to apply mathematical anal- 
ysis to physical problems was of a high order, and he divided his time about 
equally between experimental work and theoretical work. The combination 
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of outstanding experimental and analytical ability which he possessed occurs 
but rarely in a single individual; most scientists have somewhat greater interests, 
aptitudes, and hence accomplishment in one area or the other. 

Langmuir almost invariably worked on an intense basis and was generally 
completely preoccupied with his current problems. His concentration was 
exceptional, and he might pass you in the hall without seeing you. If you 
reminded him of it, he would smile and acknowledge that he was highly excited 
about some experiments that were in progress, or about some calculation 
that was presenting some puzzling aspects. 

We spend a good deal of time and thought nowadays on the question of 
motivation for scientists, seeking to understand the source and character 
of their drive. In Langmuir’s case, one needs to inquire no further than his 
curiosity. This pronounced trait provided an intense internal source of moti- 
vation, which constantly drove him to inquire and probe and test hypotheses 
until a pattern of understanding was developed. When he was on the trail 
of an exciting mystery, which was usually the case, his intense concentration 
was remarkable to behold. 

Langmuir’s career contributes much to our understanding of creative 
output in research. For example, on the perennial question of creativity and 
age, it has been held by some that the bulk of human creative work is accom- 
plished in early adult life, say in the age bracket between 25 and 35 years. It is 
probable that some purely statistical information might support this view. 
However, I would disagree strongly with the corollary conclusion that creative 
ability is characteristic of this age bracket. In the Laboratory, it is not unusual 
for creative young workers to acquire a greater span of research guidance, 
counselling, and even management responsibility as their career matures, and 
hence their creative contribution will, to a corresponding degree, appear 
in the work of others. I believe that in such cases scientists are generally not 
less, but more creative with advancing age, frequently up to and even through 
retirement. It is clear that purely statistical information would not readily 
reveal this fact. 

It is interesting to examine Langmuir’s career as an example of a scientist 
who remained in active research up to and through retirement, to see what 
role age played in his output. In Volume 12 we have depicted Langmuir’s 
achievements as a function of his age, using his scientific publications as evi- 
dence of his gross scientific output, and his principal accomplishments as evi- 
dence of his creative output. The resultant charts show remarkably constant 
productivity throughout his scientific career, and even through retirement. 
Throughout this period Langmuir published an average of five to six scientific 
papers per year. His principal accomplishments, both scientific and practical, 
took place almost uniformly over the period of his researches. Certainly no 
“creative age” can be identified in his career. The example of Langmuir’s 
scientific history does not prove the general thesis, but from the observation ¢ 
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of many’ research careers, I am persuaded that human creativity in science 
is not a significant function of age. 

Creative output, however, is a function of many other factors that comprise 
the research environment. One important factor is the changing field of re- 
search. Some of the most creative scientists in the history of the General Electric 
Research Laboratory have worked intensively in one field for a period of some 
years, and have then changed quite abruptly to a new field as a source of fresh 
stimulation and new challenge. It is evident that in a period of 5 years, or so, 
one can bring a fresh point of view to a new field, make a major contribution 
and perhaps exhaust one’s ideas on the subject. At that point of fruition, there 
is a great temptation to sit back and bask in a reputation for eminence which 
has been established in a specialized field of science. The more courageous 
scientist, however, will be challenged, or will, like Langmuir, challenge himself 
to enter a new field. This requires courage, becausé in the new field he will 
be a neophyte but, at the same time, a scientific entrepreneur with a reputation 
at risk, and this risk may not pay off. 

Langmuir’s career exemplifies the courageous entrepreneur in science. 
It would be difficult to find a common demoninator, except curiosity, in many 
of the fields of science in which he made basic contributions. He never hesi- 
tated to attack new fields, such as protein monolayers, the generation of smoke, 
or meteorology, which were completely new and, hence, challenging territory 
to him. In each of these diverse fields, and in a great many others, he has made 
major basic contributions. 

Some discussion of the very important applied aspects of Langmuir’s scien- 
tific work is appropriate. It is a fact that, although his prevailing motivation 
in research was curiosity about all natural phenomena, he was always perceptive 
of the practical usefulness of research results, and he himself suggested pos- 
sible practical applications of many of the new phenomena which he discovered. 
He was generally able to communicate his enthusiasm to applied scientists 
and engineers interested in the proposed application and to give them guidance 
in its exploration. 

It is interesting to speculate on the way that Langmuir’s career might 
have developed had he chosen an academic, rather than an industrial environ- 
ment for his work in science. My personal belief is that his research would, 
in any environment, have resulted in a high order of scientific accomplishment. 
Although he evidenced little interest in teaching, he was in fact an outstanding 
teacher, and in a university he would have exerted a great influence on students 
who might have been fortunate enough to be in contact with him. But I doubt 
if an academic career for Langmuir would have, or could have, developed 
the great bounty of useful results for society which did come from his exposure 
to a creative industrial scientific environment. The human and economic 
impact of gas-filled lamps, high-vacuum electron tubes, atomic-hydrogen 
welding, space charge emission phenomena, techniques and discoveries in 
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surface chemistry, thyratron arcs (with A. W. Hull), and cloud seeding tech- 
niques has been very great indeed, and in most of these developments the 
influence of his research environment has been unmistakable. 

Wherever Langmuir worked, or might have worked, the world is vastly 
better because of him, and both his former associates and colleagues, and the 
public at large, bear a tremendous debt of gratitude for his genius in science 
and for his perception of human need. 


C. Guy Suits 

Vice-President and Director of Research 
General Electric Company 

Schenectady, New York 
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PREFACE TO VOLUME 11 


THE LasT years of Langmuir’s life were dedicated primarily to the study of 
weather phenomena with emphasis on precipitation control. He believed 
that this was one of his greatest contributions to science, perhaps because he 
could see the great good that would follow properly controlled precipitation. 
Some meteorologists did not agree with many of his conclusions regarding the 
effect of his cloud seeding. They do agree, however, that his contribution to 
the science of meteorology, particularly in the area of artificial nucleation of 
clouds to produce precipitation, was of immense importance. The papers 
in this volume were never published, owing to the fact that the experimental 
work was done under government contract and was classified at that time. 
They were subsequently declassified, and many people in the field have had 
an opportunity to read them. It is hoped that publication at this time will 
give many more the opportunity to study and evaluate them. 

All of the research described in this volume was carried out by a team 
of scientists of the General Electric Research Laboratory under the direction 
of Dr. Langmuir. Each member of the team assumed responsibility for 
certain sections of the final report and were given individual credit for having 
written them. Only those sections written by Langmuir alone, or with him 
as joint author have been included. This makes for a lack of completeness 
and the serious student of weather phenomena may wish to look at the 
original reports referred to in Appendix II. 

Professor Horace R. Byers, chairman of the Department of Meteorology 
at the University of Chicago, and a recognized authority in the field, was 
invited to write the contributed paper for this volume. 


Harotp E. Way 
Executive Editor 
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INTRODUCTION TO VOLUME 11 


A CONTRIBUTION IN MEMORIAM 
BY ProressoR Horace R. BYERS 


AFTER Schaefer’s laboratory findings concerning the transformation of an 
undercooled cloud to an ice-crystal cloud had been applied with apparent 
success to the atmospheric precipitation process, Langmuir devoted the remain- 
ing years of his life to every possible aspect of cloud and weather modification. 
Aware of the acute water problems of the arid Southwest and of other regions 
during periods of drought, he expounded his ideas with evangelistic enthusiasm. 

It was already known in meteorology that in many situations the natural 
ice processes were still inactive at temperatures down to —15 or —20C, thus 
leaving an appreciable range in which the process could be initiated only by 
particles from the outside. These particles could either be ice crystals that 
had originated naturally at a higher, colder region, then fell into the layer 
in question, or they could be ice crystals caused to form in the layer by artificial 
seeding with dry ice or silver iodide. It was the band of about 0 to —20C 
in the clouds that Langmuir was concerned with. In an average cloud this 
might be a layer nearly 3 km thick which might contain between 1 and 3 kg 
of supercooled water in each column of 1 square meter cross section extending 
through that thickness. If raindrops could be made to grow and fall out of 
this layer they would bring down large quantities of water not only from their 
own layer but perhaps even more from collision and coalescence with the 
droplets in the lower parts of the cloud. 

Of course one could say that a natural cloud might grow to heights above 
this critical layer where it would be able to nucleate and start the whole process 
naturally, producing just as much rain at the ground whether it was artificially 
treated or not. Yet, in the case of a growing cloud, the rain could be initiated 
earlier and could be made to continue longer after the cloud had subsided below 
the natural ice-producing layers. Furthermore, one would expect that there 
would be many cloud systems in a steady state within the seedable range which 
would never produce precipitation at all unless seeded. 

As Langmuir pointed out, silver iodide has advantages over dry ice, even 
though it does not work at temperatures warmer than about —SC. Silver 
iodide can be released from smoke generators in such a way that it is carried 
into the cloud space by the air currents. Thus it is ready to act as soon as the 
situation is propitious. Somebody has to physically place dry ice in a spot 
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where the cloud looks promising, but if silver iodide were already there it 
would have a head start in the nucleating process. In some cloud situations, 
especially in mountain areas where air is forced upward by the mountain 
slopes, silver iodide generated at the ground might be expected to reach the 
subfreezing levels. Subsequent tests showed that one cannot always be certain 
about this and that perhaps the cheapest way, per gram, of getting a given 
number of grams of silver iodide into a cloud space is from an airborne 
generator. 

In his Hawaiian flights, Langmuir became aware of the possibility of rain’s 
forming in clouds that are at temperatures entirely warmer than freezing. 
This would have shaken another man’s faith in the possibilities of artificial 
seeding. Langmuir immediately took the evidence and showed how treatment 
with water spray could cause such clouds to precipitate. Thus two different 
approaches to cloud seeding — through the ice-crystal process in the case 
of cold clouds and through the coalescence ‘‘chain reaction” by large drops 
sprayed into the warm clouds. In tropical regions where he applied the methods, 
Langmuir felt that he could distinguish between the two types of clouds by 
visual observations from the ground. In Honduras, for example, he concluded 
that seeding through the ice process would be effective. 

In the 1947 U.S. Government Thunderstorm Project in Ohio, a large 
mass of photographically recorded radar data was obtained which revealed 
important information concerning the processes of rain initiation in large 
summer convective clouds outside the tropics. Reynolds and Braham (1952) 
noted that these data indicated initial precipitation formation at an average 
temperature level of about —2C and, from radar-meteorology reasoning, 
they concluded that the drops formed to echo-producing sizes low in the 
cloud where the ice process could not have occurred. Battan (1953) studied 
the radar data in detail and showed that about 60 per cent of all first echoes 
were in cloud regions entirely below the OC line and hence must have been 
generated by coalescence effects. These facts placed further limitations on 
the ‘‘seedability” of clouds, which Langmuir might have recognized, but by 
this time he was engaged in studies of widespread effects in which individual 
clouds were no longer the main concern. 


Effects of Stratus Seeding 


The most pronounced effect produced by Project Cirrus and subsequently 
substantiated by a number of tests by others, was the clearing of paths through 
supercooled stratus cloud layers by means of seeding with dry ice or with 
silver iodide. When such clouds are not too thick, as Langmuir showed, the 
snow which is artificially nucleated sweeps all the visible particles out of the 
cloud. Eddy diffusion spreads the effect from the narrow wake of a single 
airplane to a path more than a mile wide. 
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A supercooled stratus layer is an example of a cloud that is in the right 
temperature range for artificial nucleation, and, by its definition, it is apparent 
that it can not extend itself to temperature layers favorable for natural nuclea- 
tion. Langmuir’s description of flights made in, over and under such layers 
for the purpose of testing the seeding effects show careful attention to detail 
and a remarkable ability to get the most out of available means of observation. 
In connection with the 1948 report of stratus seeding, he derived an expression 
for the additional heat gained by the cloud air due to heat released in sub- 
limation as against liquid condensation. It is interesting to note that instead 
of using equations available in textbooks of meteorology, he derived the relation 
independently himself and in a form which meteorologists would consider 
odd. The release of energy from the nucleation is mentioned repeatedly in 
Langmuir’s reports. ‘ 


Effects of Cumulus Seeding 


Most of the work of Project Cirrus on cumulus clouds was done in the 
summer of 1949 in New Mexico, although some work also had been carried 
out there in 1948. By this time Langmuir had goaded the Weather Bureau 
and other meteorologists so much that they were standing up and fighting 
him hard. His optimistic claims were supported by fellow scientists because 
of his personal prestige and enthusiasm. Those who carefully examined his 
work found no cause for such great optimism and up to that time it was only 
the meteorologists and, especially by force of circumstances, the Weather 
Bureau, who had delved into the intricacies of the problem. In his cumulus 
work, Langmuir went into a form of statistical analysis which ranged the 
statisticians against him. 

For example, F. Hall (1951) called attention to the weaknesses in Langmuir’s 
probability computations for the New Mexico rains, because they assumed 
that the rainfall values for the adjacent sub-areas could be treated as inde- 
pendent random numbers. The distribution of rainfall is never purely random; 
adjacent areas are not independent of one another. Hall also presented data 
tending to nullify the assumed significance of the similarity of rainfall pattern 
on two seeded days. 

From this point on Langmuir’s work was descriptive, speculative and in all 
cases controversial. Some of the heat of battle is revealed in the Final Report. 
Most of the in-fighting was concerned with statistics and statistical analysis. 

In retrospect, it appears that Langmuir failed to prove his point with re- 
spect to his treatment of cumulus clouds. This is not to say that meteorologists 
do not believe an effect can be demonstrated, but recent conferences of cloud 
physicists and statisticians simply have used Langmuir’s methods as patterns 
for operations, and have not accepted the results as being sufficiently con- 
vincing. 


ut 


Google 


xx Introduction to Volume 11 


Periodic Seeding and Widespread Control 


The weather effects which Langmuir related to periodic seeding in New 
Mexico were fantastically great. The whole North American continent and 
even the greater part of the northern hemisphere seemed to be responding 
to the weekly releases of silver iodide from a single ground generator. The 
statistics looked good; the giant atmosphere appeared to be reeling under 
the influence of man’s puny infusions. Figuratively speaking, Langmuir fought 
and bled with these statistics. At the hands of the statisticians who must pass 
judgment on such matters his claims found no grounds for acceptance. One 
has only to ask that someone in the Southwest repeat this ridiculously simple 
experiment to see what vindication can be found for Langmuir. 

As of the end of 1959 there appeared no strong champion of the periodic 
seeding effects who could argue with the 1955 paper of Brier which showed 
the weaknesses in Langmuir’s conclusions. A report of a conference organized 
by the Division of Mathematics of the National Academy of Sciences—National 
Research Council (1959), merely reports: ‘‘A statistical analysis by the Weather 
Bureau (Brier, 1955) showed that when all the data were included, the pro- 
nounced correspondence that had been claimed between the changes in the 
seeding schedule and the rainfall patterns was not substantiated.” 


The Present State of the Art 


The best summary of the state of cloud modification toward the end of 
the 1950’s is contained in the eighty-page review article by James E. McDonald 
(1958) in Volume 5 of Advances in Geophysics. It seems fruitless to attempt 
another summary here. The reader who wonders what the difficulty in ac- 
cepting Langmuir’s claims is all about, should read McDonald’s complete, 
scholarly and well-written treatment. A more popular discussion is that of 
this writer (Byers, 1959) in Science and Resources, published for Resources 
for the Future, Inc., by the Johns Hopkins Press. A brief statement is con- 
tained in the NAS-NRC publication referred to in the previous paragraph. 

The seeding of supercooled stratus layers has been carried to the point 
of application in the Department of Defense. The principal emphasis now 
lies in the possibility of increasing rain and mountain snowpacks in the winter 
storms of the Pacific Coast and in enhancing the efficiency of summer cumulus 
in mountain areas of the Southwest. By the end of 1959, results that seemed 
to be accepted by statisticians and meteorologists or which seemed to be near 
to adequate proof included seeding experiments in the Snowy Mountains 
of Australia which showed a precipitation increase of a percentage as yet un- 
certain as a result of seeding from an airborne silver iodide generator; an in- 
crease in vigor, as shown by radar, of summer cumulus clouds over Arizona 
mountains as a result of airborne silver-iodide seeding and a strong indication 
of precipitation increase; initiation of rain by water spray from an airplane 
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in small tropical cumulus clouds over the Caribbean Sea; a somewhat uncertain 
(statistically) indication of increase in precipitation in winter precipitation 
in the mountainous areas behind Santa Barbara, California, using ground 
generators. A number of other attempts have either failed to demonstrate 
an effect or were inadequately designed for statistical tests. A most striking 
conclusion is that none of the great number of purely commercial cloud- 
seeding undertakings of the past fourteen years has proved anything except 
the difficulty of obtaining proof from such projects. Particularly disappointing 
is the lack of demonstration of any rain-increasing effects over the large areas 
of North America which are not on the Pacific slope, especially the great flat 
plains—the American ‘‘bread basket”. 

Dry-ice seeding has practically gone out of existence as a technique. It 
was thought to be especially suitable for airborne seeding, because it could 
then be transported to the dropping point and has the advantage of being 
active at all temperatures below OC instead of just for those colder than about 
—5C, as is the case with silver iodide. However, seeding needs most to be 
done in the cumulus clouds that produce the growing-season rains. Braham 
and Sievers (1957) found that the crystal-growth times lay so close to ordinary 
lifetimes of cumulus updrafts, causing an inherent time limitation in dry-ice 
seeding as well as an inherent ambiguity in evaluation of the effects in individual 
clouds is to be expected. Silver iodide thus has advantages that outweigh 
the disadvantage of its somewhat colder nucleating threshold. 

The problem of silver-iodide generation has received a considerable amount 
of attention, involving studies of the generation of the smoke, the nature of 
the product, environmental effects upon it and its possible trajectory to the 
cloud from the ground. As stated in a previous paragraph, field tests suggest 
that ground-generated smoke plumes cannot be relied upon to reach the ‘“‘tar- 
get” except under certain favorable circumstances, a fact which some workers 
in the field have chosen to ignore. In general the best results are now being 
obtained from airborne silver-iodide seeding. 

With regard to statistical evaluation of seeding results, economy of space 
and effort as well as clear enunciation of the problem justify a direct quotation 
from McDonald’s review article: ; 

“The statisticians ... are satisfied only with seeding designs wherein one 
or another acceptable form of randomization is incorporated into the experiment 
from the start of operations. Details are not pertinent here, but the basic point 
is that the seeder must do something equivalent to first selecting the cloud 
or time interval as ‘‘seedable”, and after announcing his decision, he must 
then effectively flip a coin (randomize) to decide whether he will or will not 
actually seed that ‘‘seedable”’ situation. After many repetitions of this process, 
two sets of results will have been obtained, those for the seedable-and-seeded 
and those for the seedable-but-not-seeded cases. These data, processed in 
any of a number of ways, fulfil the philosophic requirements posed by sampling 
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theory and enable the statistician to define confidence limits or significance 
limits for the observed effects of treatment (whatever the measure of seeding 
efficacy might be in a given case).” 

McDonald further states: 

- “Why did randomization not appear in evaluation work a dozen years 
ago? Partly, I feel sure, because there was nothing in the background of earlier 
meteorological practice comparable to this problem of detecting effects of 
treatments of complex natural phenomena. And, of course, even in fields where 
such problems are highly typical, as for example in agricultural research, 
it has not been more than about two or three decades since these and related 
ideas have infused standard practice. But, in addition, an obstacle to rando- 
mization in those numerous projects where some water using group was re- 
taining the services of a commercial seeder lay in the reluctance of the client 
to pay for a program in which roughly half of all seedable storms must be 
allowed to pass by unseeded.” 


Horace R. Byers 
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SUMMARY_OF RESULTS THUS FAR OBTAINED 
IN ARTIFICIAL NUCLEATION OF CLOUDS* 


Research Laboratory Report No. RL-140, December (1948). 


History of our Early Work 


BEGINNING in February 1942, Mr. V. J. Schaefer and I worked on the develop- 
ment of a generator for screening smokes for the Army. We were guided by 
what I call the evaporation-condensation theory of the growth of small droplets 
in fogs or clouds. When a small droplet, of dimensions greater than the mean 
free path of the air molecules (10-5 cm), is surrounded by air which has 
a partial pressure of the volatile material of the drop which differs from the 
equilibrium pressure of the drop by a small amount Ap, then the rate of gain 
or loss of weight of the droplet is given by: 

_ 4xMDrAp 
where M is the molecular weight of the volatile substance, D is the diffusion 
coefficient of the vapor through the air, r is the droplet radius, R is the 
gas constant, 8.310’, and T is the absolute temperature. 

Because of the surface tension, the interior of a small droplet is under a hydro- 
static pressure. As a result, the droplet has a higher vapor pressure than 
that of the liquid in bulk. The increase in vapor pressure produced by this 
surface tension effect is p,—p) which is given by: 

_ 2Mypo 
?;—Po = oRTr (2) 
where y is the surface tension of the liquid and @ is the density of the liquid. 
This equation is known as Thompson’s equation. On the basis of this theory, 
a small droplet surrounded by air which is in equilibrium with an extended flat 
surface of the liquid will have only a definite life r. The value of t is given by: 


_ _ [oeRTYV 

= SDyp, | M ©) 
This theory can be applied to calculate the rate of growth of particles in 

a fog or smoke. The small particles, in accord with Eq. (2), tend to evaporate, 


* Epitor’s Note.—This paper was followed in the original report, referred to in Appendix 
II, by related papers written by Vincent J. Schaefer, Bernard Vonnegut, Raymond E. Falconer 
and Robert Smith-Johannsen. 
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since they have a higher vapor pressure and give vapor which condenses 
upon the larger droplets. This rate of transfer naturally depends upon the 
distribution of the sizes among the droplets. In 1943 I did not know how to 
calculate this distribution of sizes, but I made the very simple assumption 
that during the growth of particles within the cloud or smoke the type of distri- 
bution remains constant or ‘‘invariant”. This I could not prove, but it seemed 
a reasonable assumption. On the basis of this assumption, it was easy to 
show that the number of particles in the fog would, in general, decrease according 
to the equation: 
dinn 1 





where t is given by Eq. (3). 

This theory was now applied to the calculation of the rate of growth of 
smoke particles in a jet of vapor escaping through a nozzle from a boiler 
in which hydrocarbon oil was boiling to give a pressure of 5 to 15 pounds per 
square inch on a gage. The jet, by its momentum, dragged in very large 
quantities of air so that vapor was chilled within a few milliseconds to a tem- 
perature so low that the oil had no appreciable vapor pressure. By an integration 
process, knowing the vapor pressure of the oil, the rate of dilution with the 
air and thus the rate of fall of the temperature, it is possible to calculate the 
size to which the droplets would grow by the time they had cooled to such 
a low temperature that further growth became negligible. This theory gave 
quantitative results which were in excellent agreement with all our experi- 
ments made during the development of the smoke generator. In fact, by this 
theory it was possible to calculate the size of nozzle that should be used and 
the proper pressure of oil vapor in order to get smoke particles of the desired 
size, 0.60 microns diameter. The smoke generator finally used by the Army 
contained nozzles 3/16 in. diameter, which was exactly the size that I had 
calculated by this theory before we had made any experiments to determine 
the proper size. 

In the years 1943 to 1945 Schaefer and I, for an Army project, studied 
the theory of the formation of rime or ice on aircraft. Experiments were 
undertaken on the summit of Mt. Washington during the winters of 1943-44 
and 1944-45. In the course of this work, we found it possible to develop 
a method for determining the diameters of the droplets constituting clouds. 
This was done by a mathematical analysis of data on the rate of deposition 
of ice on slowly rotating cylinders of various sizes exposed to wind of known 
velocities. : 

Since the air that enters the base of a cloud that envelops the top of 
Mt. Washington usually blows up along the mountain slope until it reaches 
the summit, the life of the cloud particles should be inversely proportional 
to the wind velocity and proportional to the vertical height of the summit 
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above the base of the cloud. Since the liquid water content in the cloud 
under given temperature conditions would generally be proportional to the 
height of the summit above the cloud base, we can see that the age of the cloud 
particles which pass the summit should vary in proportion to w/V, where 
w is the liquid water content of the cloud in grams per cubic meter and 
V is the wind velocity. Thus, there should be a relation between droplet size 
and the ratio w/V. The experiments on Mt. Washington show very clearly 
that this is the case. In fact, an analysis of several hundred sets of observations 
enabled us to compare the calculated and observed droplet radii. According 
to the theory, the diameter of the droplets should be given by the following 
equation: 








40.40 
d= 2.46 (27) (1000" 


50 V @) 


In this equation, the coefficient 2.46 is empirically determined from the Mt. 
Washington data, but the form of the equation and the other numerical constants 
in it were obtained directly from the evaporation-condensation theory. The 
units in this equation are as follows: The diameter d is expressed in microns, 
T, is the temperature in °C, w is expressed in g/m’, and V is the vertical 
component of the velocity expressed in meters/second. 

Several hundred sets of data, which give values of T,, w, and V, and the 
experimentally determined values of d have been analyzed and the observed 
values of d have been compared with values calculated from Eq. (5). It 
has been found that the correlation coefficients between the observed and 
calculated values of d range from 0.92 to 0.94 in different sets of observations. 
An analysis of the observational data was also made by the method of partial 
correlation coefficients. A regression equation was thus derived, and this 
showed that the regression equation does not agree any better with the 
observed data than the equation empirically determined, Eq. (5). 

I believe that Eq. (5) should be applicable to the growth of water droplets 
in the clouds of the free atmosphere. During this coming summer, we plan 
to make experiments in airplanes to test this evaporation-condensation theory. 
Recently, I have been able to develop the theory much more completely and 
have been able to calculate the numerical value of 8 which occurs in Eq. (4); 
I have been ‘able to determine just what the conditions in the atmosphere 
must be in order that the distribution of droplets shall remain invariant as 
the air rises in the cloud. 

In the evaporation-condensation theory, it was assumed from the very 
beginning that there are always in the atmosphere large surpluses of available 
nuclei suitable for the growth of water droplets. The number of droplets 
that exist in any cloud is, thus, determined by the rate by which the air 
rises into the base of the cloud, and does not depend upon the number of 
nuclei originally present in this air. 
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Ice Crystals Within Clouds 


In the course of the work on Mt. Washington and from observations of 
clouds in the Adirondacks and in Schenectady, Schaefer and I became aware 
of the fact that ice nuclei are frequently extremely rare in the atmosphere. 
We became convinced of the fact that, in clouds below the cirrus level and 
even at temperatures as low as —20°C, there are normally no ice crystals at 
all, or at least the concentration of ice crystals in such clouds is not more 
than about 10-° particles per cm*, whereas the number of water droplets 
in clouds usually ranges from 100 to 1000 per cm*. Only in clouds from which 
there is visible snowfall from the bottom should it be assumed that there are 
any snow crystals. 

It is obvious, however, from the fact that snow does sometimes form in 
clouds, that occasionally there are enormously more nuclei than normally 
occur. If, for example, we have a cloud containing 1 g/m! of liquid water, which 
is a fairly high value for winter clouds, and we consider that all the water 
in this cloud should be changed to ice crystals or snowflakes each weighing 
10-5 g, we see that there would then be 10° snowflakes per cubic meter. The 
snowflakes are, thus, about 2.2 centimeters apart and, on the average, there 
is only 0.1 snowflake per cm*. Thus, even in a heavy snowstorm, the nuclei 
are many thousands of times less abundant than are the water droplets normally 
present in such clouds. 

There are many cases where snowstorms are observed in low clouds 
no part of which are at a temperature of less than —5°C. It is, therefore, 
clear that in the atmosphere there sometimes exist nuclei which are responsible 
for the formation of snow crystals. There are other times when such nuclei 
are absent. It is clearly not a matter of temperature alone. 

During the winter of 1945-46 Mr. Schaefer and I planned to investigate 
very thoroughly these questions. First, what are the ice nuclei in the atmosphere 
which lead to snow formation? Second, how can we introduce into clouds 
nuclei that will lead to the formation of snow? During the development of 
our interest in this subject, we learned to recognize the characteristic features 
of clouds which contain snow and to distinguish them from those which do not. 

Clouds that contain snow show the following characteristics. Looking up 
through such a cloud, one often sees a halo around the sun at an angle of 22 degrees 
around the sun. This can be caused only by a refraction with snow crystals 
when the light enters and leaves the crystal from faces that form a diehedral 
angle of 60 degrees. These halos are usually caused by small hexagonal prisms 
of ice which are oriented at random. If the prisms are falling downward in 
the direction of their long axes, there will be a reinforcement of the intensity 
of the halo at height above the horizon equal to that of the sun. This gives 
the so-called ‘‘sun dogs”. If the snow crystals consist of small hexagonal plate- 
lets, and if these are not too small, they tend to fall with the plane of the 
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crystal nearly horizontal, Under these conditions, if one looks down from 
a plane or a mountain top on the top of a cloud of such crystals, one sees 
a bright spot in the cloud at a distance below the horizon equal to the 
height of the sun above the horizon. Because of the slight tilting of the crystals 
from the horizontal, and because of multiple reflections involving two or 
more crystals, this spot of light reflected from the cloud is often drawn out 
into a vertical column which may extend both above and below the spot and 
may even extend above and below the horizon and above the sun itself. Such 
effects are never produced by water droplets. 

When flying through a cloud containing supercooled water droplets, many 
parts of the plane acquire a deposit of rime or ice due to the interception liquid 
water droplets which then freeze in contact with the surface. In clouds containing 
only ice crystals, no ice or rime forms. 

Sunlight that falls on a cloud layer from above is scattered but is not absorbed. 
Thus, the total light that is intercepted is re-emitted. If the cloud is sufficiently 
thick so that no appreciable amount of light diffuses through the cloud and 
so reaches the ground, then one can see from the distribution of light from 
the top surface whether the liquid water cloud has been changed to ice. For 
example, from a cloud of liquid water droplets one sees that the light reflected 
from the cloud at angles not far from the sun is very intense; that is, the cloud 
is very bright at angles 20 degrees or 30 degrees from the sun. At increasing 
angles, the light intensity decreases but rises again considerably at a point 
of about 138 degrees from the sun which is about the location where a rainbow 
would be seen if the drops were much larger. Then the intensity again becomes 
much larger at a point nearly opposite to the sun. There one sees a small 
bright-colored circle of a radius of about two degrees or three degrees, which 
is called a glory. If the plane is low enough, one usually sees the shadow of 
the plane in this circle. These color effects are due to diffraction and they 
indicate that the particles are of very small diameter compared to the wave 
length of light. 

Similarly, if one looks at the sun’s disk through a very thin layer of clouds 
of liquid water, one sees a colored corona that is also due to diffraction from 
the small droplets. When the sun’s disk is seen through clouds of liquid water, 
the edge of the sun’s disk is always sharp no matter how small the particles 
may be. In our work with the smoke generator, where we produced smoke 
particles ranging from 0.5 to 2 microns in diameter, we found, when looking 
up at the sun through a layer of smoke of such density that one could look 
at the sun without hurting one’s eyes, that the sun’s disk was brilliantly colored 
and that the edge of the sun was perfectly sharp and distinct. In other words, 
one finds no sharp maximum in the intensity of light scattered by diffraction 
through small angles. 

On the other hand, if one looks at the sun through a cloud of ice crystals 
of sufficient thickness to cut down the light of the sun so that it can be tolerated 
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by the eyes, the edge of the sun’s disk looks fuzzy. I have worked out the 
theory of this effect. It is produced by the great increase in intensity of light 
reflected from small surfaces when the angle of incidence approaches 90 
degrees. The intensity coefficient of reflection always approaches 100 per 
cent at grazing incidence, but it falls to about half of that at an angle only 
about one degree from grazing incidence. When the sun’s brightness is cut 
down to 1/10,000th (which is necessary in order to be able to look at the 
sun’s disk with unaided eyes), there must be a great deal of multiple reflection. 
It is for this réason that the edge of the sun’s disk becomes very fuzzy. This 
can only happen when the surfaces from which reflections take place are 
very large compared to the wave length of light. Large raindrops or snow 
crystals can produce this effect, but fog particles never do. We have found 
this a very useful criterium to distinguish between liquid water and ice 
crystals. 


Schaefer’s Experiments on the Artificial Production of Ice Nuclei 


During the spring of 1946, Mr. Schaefer obtained a commerical home 
freezing unit which had a rectangular cold box of about four cubic feet which 
could be cooled to —25°C. With the cover off, the temperature at the bottom 
was about —23°C and the temperature rose to about —10°C a few inches 
below the top. The volume of the part below —10°C was about 70 liters. 

Schaefer found that by breathing into this box a few times the box became 
filled with a cloud consisting of liquid water droplets with sizes very much 
like those in natural clouds, but that no ice crystals occurred at —23°C. 
He lined the cold box with black velvet and used an intense beam of light 
from above to illuminate the cloud. Later experience showed that all ice crystals 
larger than a few microns can be seen immediately with the unaided eye when 
illuminated in this way. 

Mr. Schaefer tried very great numbers of powdered materials dusted into 
the box and ordinarily found no trace of ice crystals forming. Sometimes 
at the lowest temperatures just a few crystals could be seen. This proved 
that ice crystals, when present, could be seen, but ordinarily they were absent. 

Early in July, 1946, Schaefer introduced into the cold box containing 
supercooled clouds, a needle (suspended by a thread) which had been cooled 
in liquid air. This needle was swung once across the top of the cloud. Immedi- 
ately the path of air through which the needle had moved was seen to contain 
an intense blue haze consisting of particles too small to resolve. They gave 
the characteristic Rayleigh scattering, indicating that the particles were small 
compared to the wave length of light. Within a few seconds myriads of ice 
crystals, hundreds of millions of them, could be seen glistening along this 
seeded path. Within usually 10 to 20 seconds, the seeding of these crystals 
spread throughout the box, in spite of the fact that there was a very strong 
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temperature gradient which tended to stabilize the cloud in the box and to 
prevent convection currents. It was seen immediately that the seeded path 
always surrounded itself with a clear layer of air from which all the particles 
had been removed by diffusion. The fact that the vapor pressure of ice is 
less than that of supercooled water, thus, causes the droplets to evaporate 
and the vapor then condenses on the ice nuclei. The water droplets in the 
chamber rarely change to ice crystals by contact with ice nuclei. 

Experiments showed that to get this effect with a piece of cooled metal 
it was only necessary to have a temperature below —35°C. With the metal 
at —34°C no ice crystals appeared. The transition between these two cases 
appeared to be perfectly sharp. 

Schaefer then dropped small fragments of dry ice (solid carbon dioxide) 
through the fog in the cold box and found that a single minute fragment 
would leave behind it a track of nuclei. By stirring the air in the box after 
dropping the fragment of dry ice, one could see that the ice crystals that had 
formed were less than one millimeter apart so that there must have been at 
least 10* ice nuclei produced. 

In August, 1946, I made a theoretical study of the rate of growth of the 
nuclei that are produced by dropping pellets of solid carbon dioxide through 
clouds of supercooled water. I was able to show, for example, that a spher- 
ical pellet of 0.4 cm diameter would fall with an initial velocity of 14 meters 
per second, decreasing as the particle becomes smaller by evaporation. It would 
take about 130 seconds for the particle to disappear and in that time it would 
fall 1100 meters (in air at —20°C). During this fall, a total of about 60 milli- 
grams of water vapor would be condensed to ice in the cold air film near the 
surface of the pellet. The air remains cool by contact with the pellets only 
for a few microseconds and, during this short time, the particles grow in accord 
with the evaporation-condensation theory which I had already developed. 

I thus reached the conclusion that the ice nuclei that are formed can only 
have a diameter of about 10-* cm and that the number of such nuclei produced 
during the fall of a single pellet would be about 10*. If each such nucleus 
could be made to grow into a small snowflake weighing 10-5 grams, the total 
weight of the snow produced would be 100,000 tons, which is the amount 
of liquid water present in roughly 100 cubic kilometers of cloud. Actually, 
of course, the nuclei from one pellet could not be distributed through such a large 
volume. 

The conclusion is obvious, however, that with a reasonable number of pellets 
dropped along a flight path into the top of a cloud, the limiting factor will 
not be the number of nuclei, but the rate at which the nuclei can be distributed 
throughout the cloud. 

When supercooled liquid water droplets are made to evaporate and condense 
on ice nuclei, the amount of ice formed is considerably greater than the amount 
of water which evaporates because the vapor pressure is lower than the water 
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so that there is a lowering of the water vapor content in the cloud. There are, 
thus, two sources of heat which tend to raise the temperature of the cloud, 
viz., the heat of fusion and the heat of sublimation of the extra amount of 
water which is converted from vapor into ice. 

In general, with clouds at —20°C the heating effect amounts to 0.5°C 
to 0.8°C. This heat will cause roughly a change of density of the air of about 
0.2 per cent so that the air receives an upward acceleration with a value of 
g equal to about 2.0 cm/sec*. This will be the rate at which the air begins 
to increase its upward velocity because of the seeding. These vertical velocities, 
however, will lead to turbulence and the energy of the gravitational acceleration 
will soon be dissipated in turbulence. When this occurs, however, larger and 
larger masses of air will be brought into circulation and, as the nuclei 
are thus carried out from the original plane of seeding, the upward velocities 
will gradually increase. Calculations show that in about one minute velocities 
of the order of one meter per second will be produced and the effect of the 
seeding should have spread laterally to a width of about 50 meters. After 
the seeded volume has spread laterally to a distance comparable to the thickness 
of the cloud, the spreading should then continue at a uniform rate with 
vertical currents of the order of five to ten meters per second. The nuclei 
are thus carried aloft and spread out laterally over the top of a stratus cloud 
leaving ice crystals which settle down through the cloud and so cause a con- 
tinued rapid spreading. I thus anticipated in November 1946 that it will only 
be necessary to seed a stratus cloud along lines one or two miles apart in order 
to give complete nucleation of the cloud within a period of 30 minutes or so. 


First Seeding of Clouds 


On November 13, 1946, Mr. Schaefer and Mr. Talbot went aloft in a Fairchild 
plane on a day in which the temperature at ground level was 0°C. In the 
morning there had been some high stratus clouds but by the afternoon these 
were disappearing and the day was becoming almost cloudless. Finally a cloud 
was found about 30 miles east of Schenectady at an altitude of 14,000 feet 
and a temperature of —20°C. Three pounds of dry ice were scattered from 
the cockpit of the plane along a line about three miles long over the top of 
one of these clouds. Observing through field glasses from the Schenectady 
Airport 30 miles away, I saw a sheet of snow appear rather suddenly about 
600 feet below the clouds; within three minutes there developed, along the 
top of the previously lenticular shaped cloud, some hemispherical cumulus- 
like bulges. These extended to a height of about 500 feet above the cloud 
but, in a few minutes more, disappeared into a veil of snow. Within about 
five minutes, the whole cloud had been turned into snow and this fell about 
2000 feet before it gradually evaporated into the dry air. It was realized that 
the veil of snow that appeared immediately below the snow could not have 
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been produced by snow falling from the cloud but was produced directly 
by the action of the dry ice pellets which fell into a layer of air below the 
cloud in which the vapor pressure of water was less than that of the water 
but greater than that of ice. Subsequent experiments proved that it was always 
possible to seed a cloud by flying just below the cloud; the thickness of 
this layer in which such seeding is possible is about 10 meters for each °C 
below the freezing point. The ice crystals that are thus formed are carried 
up into the cloud. 

Seeding experiments with clouds have been made on the following dates: 
November 13, 1946, November 23, November 29, December 20, March 6, 
1947, March 7, March 12, and April 7. All of these experiments have been 
completely successful in that they converted large areas of clouds into 
ice crystals. The tests of November 23 and 29 were made with isolated 
cumulus-type clouds. The whole of each cloud was changed into ice within 
five minutes and so began falling from the base of the cloud. However, photo- 
graphs taken every 10 seconds and projected as movies show that, with such 
clouds, the air is moving into one part of the cloud and leaving another part 
so that, in a matter if five minutes or so, an entirely new mass of air is within 
the cloud. Thus, it was found that experiments with small cumulus clouds 
are of little interest, for the effects only last a few minutes. A veil of snow, 
however, could be seen to persist for 10 or 15 minutes after it had left the 
cloud, usually evaporating slowly in the dryer air below the cloud. 


Flight Test of December 30, 1946 


Although on the evening of December 19, the weather forecast had been 
for ‘“‘fair and warmer’ weather for the 20th, clouds developed at 11 p.m. 
on the 19th, and in the early morning of the 20th the sky was completely 
overcast and small single snowflakes could be seen occasionally at distances 
of 10 meters so apart. These were graupel type of snowflakes; that is, they 
had been formed by crystals which had fallen through supercooled clouds 
and so had acquired a coating of rime. By 9 o’clock in the morning the 
Weather Bureau in Albany reported that they expected snow by 7 p.m. that 
day. They said that the storm had moved 1200 miles in 18 hours from the 
Gulf of Mexico as a ‘‘wave” without high-wind velocities. Between 11:20 
a.m. and 12:20 p.m. at altitudes ranging from 7000 to 8500 feet, Mr. 
Schaefer dropped about 25 pounds of granulated dry ice along a line running 
from southeast to northwest, about 15 miles west of Schenectady. The wind 
at this height was about 20 miles per hour. At this time, the ground level 
temperature was —2°C; the temperature reached a minimum of —9°C at 3500 
feet and then increased to a maximum of —5.5°C at 6000 feet and then decreased 
steadily to —11°C at 8500 feet. Radiosonde data at Albany at 10 a.m. showed 
that between 2500 and 4000 feet the air was dry, the relative humidity 
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being only 30 per cent. Schaefer found the air to be very clear at this height, 
but about 4000 feet there was a light drizzling rain that collected on the wind- 
shield but not on the leading edges of the wings. This means that the rain or 
drizzle was evaporating as it fell and water or ice was evaporated off the 
leading edges of the wing but not off the windshield. There was no definite 
level of ceiling; no cloud layer could be seen above. The ground could still 
be seen at 9000 feet, but the light drizzle was somewhat more intense at this 
level. There appeared to be no fog clouds and the poor visibility was due to 
the drizzle. Since the plane could not fly higher without losing contact with 
the ground, it was decided to drop the dry ice from the height of 8500 feet. 

Flying back along the line of seeding, it was found that the drizzling rain 
had stopped, and there was snow in the air which was found to drift into the 
cockpit through a partly opened window. Upon reaching the end of the seeded 
line, however, the same drizzle conditions were encountered. After three 
seeding runs along the same line, the plane returned to Schenectady without 
noting any marked change in the general cloud conditions. The plane then 
descended to 5000 feet where the visibility was better and flew east to the 
Hudson River and up along it to Mechanicville, a distance of about 25 miles 
from Schenectady. From Mechanicville a large cloud of snow was seen which 
extended from the Green Mountains of Vermont to the Sacandaga Reservoir, 
a distance of about 35 miles. The plane then flew along the southwest edge 
of this cloud and found that quite dense snow, consisting of small crystals, 
was falling and was nearly reaching the ground. This was at about 1:15 
p-m. No snow could be seen in any other direction. Over the airways radio 
we heard that at 1:45 p.m. light snow began falling at Glens Falls. This 
had stopped at 2:15 p.m., but it was then snowing at Ticonderoga. Later 
it started snowing at Burlington, which is about 150 miles from Schenectady. 

At 2:15 p.m. it started snowing in Schenectady and at many other places 
within 100 miles. It snowed at the rate of about one inch per hour for eight 
hours bringing the heaviest snowfall of the winter. We do not believe that 
this snowstorm was caused by our seeding experiments, but we do believe 
that with weather conditions as they were, we could have started a general 
snowstorm two to four hours before it actually occurred, if we had been able 
to seed above the clouds during the early morning. 


Flight Test of March 6, 1947 


A B-25 Army plane flew on a north and south line above 15 miles long 
approximately 10 miles west from Schenectady dropping about 15 pounds 
of dry ice. They flew just over the tops of the clouds which were at about 
6000 feet. The clouds were above 2000 feet thick and covered the entire sky. 
Soon it was seen that a great deep groove had been produced along the top 
of the cloud of the seeded area, but the plane did not climb more than 
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a few hundred feet above the clouds and was not able to take good photographs. 
On the ground, however, we saw great sheets of snow falling along a line which 
seemed to be about 20 miles long. We could gradually see this snow descend 
until in another 20 minutes it reached the ground in Schenectady and on 
hills 20 miles north of Schenectady. During this time, the sky cleared up in 
a spectacular fashion so that there was soon a cloudless area 20 miles long 
and five miles wide and there were no other breaks in the overcast in any 
direction. Around the edges of this clear area one could still see the snow 
falling for more than an hour until the area drifted far to the east. 


Flight Test of March 7, 1947 


On this day also, the sky was completely overcast but the clouds were only 
about 1000 feet thick at a height of about 5000 feet. This time the plane, 
after seeding a line about eight miles in a north-south direction, circled to 
a height of 2500 feet above the cloud and took a few photographs. Measurements 
from these photographs show that, after about 20 minutes, the seeded area 
showed up as a definite dark band about eight miles long and one mile wide. 
Two photographs were taken which showed that snow was falling to the ground 
and, in a few places, the ground could be seen through these openings. Un- 
fortunately, the plane did not remain long enough to photograph what we clearly 
saw from the ground —the cleared area developing where the seeding had 
taken place. : 


Flight Test of March 12, 1947 


On this day there were only broken cumulus clouds at 5000 feet and, although 
many of these were changed to snow, the results are of comparatively little 
interest. 


Flight Test of April 7, 1947 


Our technique for conducting these flights and making observations of 
the results had greatly improved by this time, and the results are recorded 
in a set of 27 photographs which show, in a very striking way, the kind of 
results obtained by seeding stratus clouds. 

On the ground the temperature was +-5°C; overhead was a nearly continu- 
ous coverage of cumulus type clouds with bases at about 2500 feet where 
the wind velocity was 48 miles per hour from the west-northwest. There were 
a few breaks (about five per cent) between the cumulus clouds and up through 
these we could see that there was a thin overlying layer of stratus clouds through 
which the sun could sometimes be dimly seen. The disk of the sun was sharp, 
indicating that the cloud consisted of water droplets. During the flight, the 
following temperatures were observed; at the cloud base, —4°C; at the top 
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of the upper layer at 6700 feet, —7°C; and at 15,000 feet, where most of the 
photographs were taken, —17°C. 

In flying up through these clouds, it was found that the plane came out 
through the cumulus clouds into the open at about 5000 feet but the tops 
of the cumulus clouds were very irregular. At 6000 feet the plane entered the 
second layer which was of the stratus type about 700 feet thick and this layer 
was very free from turbulence and the top was very flat. 

A seeding run was made at 4:40 p.m. just over the top of the upper stratus 
layer. This seeding was done in a line forming a letter L; the plane flew for 
one minute toward the west (magnetic) and during the next minute it turned 
gradually through a 90-deg angle to the south and then flew for one minute 
toward the south. Since the plane was flying at an indicated air speed of 205 
miles per hour, the total length of the seeded line was about 11 miles. A total 
of 25 pounds of dry ice was dropped, about half of this being in the form of 
pellets 1/4 inch in diameter and the other half broken fragments running 
from 1/2 inch to 3/4 inch in diameter; these larger pieces were used to make 
sure that the seeding would extend through both layers of cloud. 

Immediately after the seeding run, the plane turned in a circle to the left 
and climbed to 9000 feet. The first photographs, taken six minutes after seeding, 
showed that the end of the line which was last seeded was 0.3 mile wide, where- 
as, at a point half way back along the seeded line, the width was 0.6 miles 
wide. For a total of about one hour, the plane circled the seeded area, first 
at an altitude of 11,000 feet and then at 15,200 feet. At the higher elevation, 
the plane flew so that the nearest part of the seeded area was about six miles 
away so that the whole of the seeded area could be included in photographs 
which also showed the horizon. 

Knowing the height of the plane above the clouds (8500 feet, or 1.61 miles), 
a measurement of the vertical angles made it possible to calculate the distances 
of selected points on the perimeter of the area. By plotting these distances, 
together with the horizontal angles, or azimuths, on polar coordinate paper, 
it was possible to construct maps showing the development of the seeded 
area with time. ; 

The L-shaped form of this area was always very distinct. Depending upon 
the relative position of the sun and the area in question, the seeded area some- 
times appeared brilliantly white on the dark background of the cloud, while 
at other times it appeared as a dark area on a brilliantly white cloud. When 
the area was between the plane and the sun, the reflection from the ice crystals 
in the seeded area could be seen clearly, but no such effect was ever observed 
on the unseeded areas. 

The photographs show that, within 30 minutes after seeding, the seeded 
area had grown to a length of about 15 miles and an average width of about 
three miles, giving a total area of about 45 square miles. The edges were still 
extremely sharp, showing that there was no horizontal turbulence within 
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the original stratus cloud. Within the first 10 minutes after seeding, there 
was some indication of heat evolution which showed that some of the snow 
formed was carried up above the level of the undisturbed stratus cloud. Gradu- 
ally the top of the seeded area subsided and, 35 minutes after seeding, the 
top of the snow was about 1000 feet below the level of the top of the stratus 
clouds. The photographs showed that the area then looked almost like a can- 
yon cut into the top of the cloud. Probably because of the lower cumulus 
layer which, was presumably moving at a different velocity, the ground could 
not be seen through the seeded area, as had been. observed in several pre- 
vious flights. 

After about 45 minutes, although the edge of the seeded area remained 
very sharp, it could be seen that above the snow, which had subsided, new 
stratus clouds began slowly to be formed. This, however, never covered more 
than half of the seeded area and there new clouds were very thin. 

About 40 minutes after the end of the seeding, a new phenomena was ob- 
served. Clouds of cumulus type began forming in long ridges in a general 
north-south direction. These formed, however, only to the southeast of the 
seeded area and did not extend to the north, south, or west. They seemed 
to be first visible in the east and gradually reached the seeded area itself. 
These cumulus clouds reached heights of about 1500 feet above the stratus 
level. . 

Directly above this disturbed area, at an altitude of 18,000 feet, a group 
of alto-stratus clouds of lenticular form were generated. These were probably 
produced by the uplift of the lower layers from these ridges of cumulus-stratus 
extending through the stratus. 

I think it is probable that this disturbed area was due to a combination 
of two effects. With a strong westerly wind, the plane and the seeded area 
had been drifting toward the Berkshire Mountains in Massachusetts and this 
caused the underlying cumulus clouds to grow to greater height. However, 
the Green Mountains, together with the Berkshires, form a continuous wall 
which gradually increases in height toward the north, but there was no sign 
of this type of cloud over the Green Mountains. In fact, the cumulus clouds 
did not extend at all north of the seeded area. I believe, therefore, that the 
underlying cumulus layer which was seeded had been moving toward the 
southeast at a velocity somewhat higher than the upper stratus layer, and 
that the heat evolved by the development of snow clouds in the lower layer 
contributed to a marked degree to the development of these cumulus ridges. 
The area thus disturbed seems to be about 150 miles within an hour after 
seeding. 

Unfortunately, we have no observations of the area from which snow was 
falling from these clouds. Probably little or none reached the ground except 
in the Berkshire Mountains. In the future, it is planned to use two or three 
planes in such tests. One plane will be used at about 25,000 feet to take photo- 
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graphs of the seeded area, one plane will do the seeding at the cloud level 
and will then take photographs about 3000 feet above this level, and the third 
plane will take photographs below the clouds so as to show the area from 
which the snow falls. 


Conclusions 


The results of these tests show that the nucleation of clouds spreads at 
a very high rate for at least an hour after the clouds are seeded from a plane 
flying over the tops of the clouds. The rate of lateral spreading is approximately 
three miles per hour on each side of the seeded line, so that one can expect 
a line within one hour to grow to a width of at least five miles. Thus, a plane 
flying at 200 miles per hour should be able to nucleate completely about 15 
square miles per minute of flight, or roughly 1000 square miles per hour. 
Our experience has shown that, in general, a single layer of clouds in the seeded 
area within less than a half hour becomes clear blue sky as seen from the ground. 
Thus, within 15 minutes, it should be possible for a plane to clear a hole for 
itself downthrough which it could fly without encountering icing. 

Furthermore, it appears in many cases that a plane after leaving the ground 
should be able to fly up to the base of a stratus layer in which there is danger- 
ous icing and, by dropping dry ice, would be able to clear for itself a path 
up through which it can fly without encountering icing. 

The results would also indicate that it should be possible to seed clouds 
that are being lifted on the windward side of a mountain range if the tops 
of these clouds are below freezing. By seeding in these areas, snow should 
be produced, which should fall down through the cloud and produce rain 
in the lower layers. In this way, it may be possible to increase greatly the rain- 
fall in mountainous areas during winter months and so produce reserves of 
rain or snow which can be used for irrigation purposes for the summer months. 
Since, however, the air moves through such clouds while they remain fixed, 
it will be necessary to seed them continuously, as long as the rainfall lasts. 

We have reports from Australia on seeding experiments which will soon 
be published in Nature. (A note has already been published in Weather Bureau 
Topics and Personnel, April 1947, page 106.) Eight experiments have thus 
far been made in clouds whose tops average 22,000 feet and with a freezing 
level at 18,000 feet over a 4000-foot mountain range 150 miles from Sydney. 
Rain fell within the area within 15 minutes after dropping the dry ice pellets. © 
“‘On one occasion, the cloud top boiled up to an estimated 36,000 feet with 
a typical ‘‘anvil” formation and one inch of rainfall was reported.” 

It seems probable that, if dry ice is dropped over incipient thunderstorns 
as soon as the tops reach the freezing level, the development of the storm 
may be profoundly modified. The storms should be less severe, but will last 
longer and hail should be avoided. I have been told by a representative of 
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an insurance company that in three western states the annual damage to crops 
by hail amounts to $15,000,000. It would seem that much of this damage 
could be avoided by seeding the tops of the clouds. 


Use of Silver Iodide and other Substances as Ice Nuclei 


Dr. Vonnegut found in November, 1946 that very fine particles of silver 
iodide at temperatures below —5°C serve as effective ice nuclei. Particles 
that are effective are about 10-* in diameter. By introducing silver iodide 
into a flame so as to vaporize it and by blowing a jet of air across the top of 
the flame to quench it quickly, it should be possible to produce 10” ice nuclei 
per second from one generator without having any increase in particle size 
because of coagulation. In the smoke generators which we produced during 
the war, the number of smoke particles produced per second is also 10.” per 
second and it was shown that these particles did not grow by coagulation. 
Since the law which governs the coagulation of smoke particles indicates that 
the coagulation depends only on the number of particles per cubic centimeter 
and not on the diameter, we may conclude that we should be able to generate 
the same number of nuclei per second as we did with the smoke generator. 

An advantage in the use of silver iodide is that the nuclei that are formed 
do not evaporate nor melt, and, therefore, they can remain for long periods 
in the air until they come into the presence of supercooled water droplets and 
so produce their effects. The nuclei produced by dry ice are, of course, minute 
ice crystals which will evaporate and melt when the air is dry or the temperature 
rises above 1°C. 

With the silver iodide it should be possible to do the seeding of the cloud 
over great areas by means of silver iodide generators placed on the ground. 
This will be particularly useful where it is desired to seed thunderstorms or 
clouds on the windward sides of the mountain peaks. In both cases, the nuclei 
could easily be drawn up into the clouds. 

The cost of nucleation of this kind would be very low in comparison to 
that which requires that planes fly above the clouds. Experiments will soon 


be underway to try the silver iodide nucleation by flight within supercooled 
clouds. 


Widespread Effects 
The amount of silver required for nucleation by silver iodide is entirely 
negligible, so the cost of the silver iodide would not be appreciable. Undoubt- 


edly many other substances will be found which will be effective nucleating 
agents. 


If it thus becomes possible to use generators on the ground to introduce 
ice nuclei into huge masses of air, it might be possible to alter the nature of 
the general cloud formations over the northern part of the United States during 
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the wintertime. I would anticipate that it would decrease the cloudiness. It 
would prevent all ice storms, all storms of freezing rain, and icing conditions 
in clouds. By changing the cloudiness, it would change the albedo and thus 
change, the amount of heat absorbed from sunlight. It should be possible to 
change the average temperatures of some regions during the winter months. 
Obviously experiments producing widespread effects should be made in rela- 
tively unpopulated regions such as Alaska or Northern Canada. 

The nucleation of clouds by dry ice pellets or silver iodide provides an 
easy way of marking and studying the turbulence within clouds. If we can 
understand the effects that can be observed after seeding, we should know 
much more about the internal structure of clouds. This would prove of great 
value to meteorologists. 
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THE ANALYSIS OF PHOTOGRAPHIC DATA 
SHOWING THE EFFECTS PRODUCED BY SUPERCOOLED 
CLOUDS WITH ICE NUCLEI 
Research Laboratory Report No. RL-140, December (1948). 


THE EFFECTS produced in supercooled clouds by seeding with dry ice are very 
striking and can be photographed very satisfactorily under proper conditions. 
The object of such studies is to determine what modifications are produced 
in clouds by the introduction of ice nuclei, how fast these effects propagate 
through the cloud, and how long they continue. Early experiments showed 
that the most interesting results were obtainable with unbroken stratus clouds 
having thicknes es of several thousand feet covering large areas. By dropping 
dry-ice pellets into the tops of such clouds along a line, very large volumes 
of the cloud consisting of supercooled water droplets are caused to evaporate 
and condense into the ice nuclei, giving snowflakes of a size very large com- 
pared to the size of the water droplets. In this process, heat is evolved which 
can, under favorable conditions, yield 0.8°C. 

Because of these changes within the cloud, it was realized at an early date 
that all the effects produced by seeding should become manifest by obser- 
vations of the top of the stratus cloud from an airplane high above the cloud. 
It is true, of course, that we are most interested in changes that take place 
in the cloud itself and in the precipitation that falls from the bottom of the 
cloud. However, photographic observation within the cloud is impossible; 
photographs below the cloud are very difficult to interpret, and trouble is 
experienced because of loss of visibility due to snow in the air. Since we have 
been limited, so far, to the use of one plane, it was deemed advisable to gather 
photographic evidence by flying above the cloud layer. 

It has been our desire to obtain a photographic record from which the area 
of the cloud that is modified by the seeding can be measured and its growth 
with time determined. 

In general, the effects that have been produced are of several types: 

1. The immediate effect of seeding is to produce an area in the top of a 
stratus cloud which scatters light in directions different from those in the case of 
adjacent unseeded clouds. Thus, with different relative positions of the sun, the 
seeded area, and the seeding plane, the seeded area may appear light on a dark 
background or dark on a light background. The line of demarcation between 
the seeded and unseeded areas is usually very striking. 


2 [19] 


Google 


20 The Effects Produced by Supercooled Clouds with Ice Nuclei 


2. Usually within five to ten minutes after seeding along a line, a groove 
or trough is produced in the top of the cloud which may be a thousand or 
fifteen hundred feet deep. This appears to be due to the falling of the snow 
crystals that are produced. In some photographs, the cloud within the seeded 
area disappears entirely within 20 minutes leaving a veil of falling snow which 
may be as much as 4000 feet below the original level. 

3. In some cases, wisps of snow seem to be carried upward above the line of 
seeding, indicating currents of air rising more rapidly than the snowflakes can fall. 

4. Between 20 and 50 minutes after the seeding, the seeded area, which 
usually has well-defined edges, becomes partly filled in with a very thin layer 
of stratus cloud. These new clouds are clearly formed in place and do not 
merely drift in from the undisturbed area surrounding the seeded area. They 
consist of liquid water droplets but they are usually entirely devoid of tur- 
bulence. 

5. In the areas surrounding the seeded area and adjacent to it on one side, 
there often appear cumulus clouds which seem to be breaking through the 
original stratus layer, and they rise to a height of 1000 feet to 1500 feet above 
the stratus layers. These have been observed in at least three of our test flights 
and seem to be caused by the generation of heat in the lower layers of the 
stratus clouds produced by ice nuclei or snow crystals that are displaced rap- 
idly from the original seeded area. The lateral displacement is probably 
due to the fact that the velocity of the lower part of the stratus cloud differs 
from that near the top. As seen from the top, these areas usually show no 
signs of snow crystals, but we presume that when these photographs are taken 
from the bottom of the cloud, one will see that snow is falling from these areas. 

6. We anticipate that, under favorable conditions, the effects produced 
by seeding may become self-propagating; that is, that new nuclei are generated 
within the cloud continuously by fragmentation of snow crystals, aided prob- 
ably by electrostatic effects which seem to prevail in many clouds in which 
snow is falling. We have not yet encountered any evidence that we have pro- 
duced such an effect but we are looking for it. They will most likely occur 
in cases where there is already within the atmosphere a convergence of masses 
of cold, moist air which is causing a lifting of cloud masses. This is necessary 
so that, when snow does form, the moisture is not completely removed from 
the cloud, but new moisture is made available at a rate sufficient to maintain 
the snowfall. 


Analysis of Photographs of the Seeded Area Taken from above 
Stratus Clouds 
The technique which we have found most advantageous is to fly a plane 
in a large circle around and above the seeded area so that a series of photo- 
graphs can be taken, one every minute. The height of the plane and the dia- 
meter of the circle cone should be such that each photograph covers the whole 


Google 





The Effects Produced by Supercooled Clouds with Ice Nuclei 21 


of the seeded area and that the angle through which the plane rotates (in azimuth) 
between consecutive pictures does not change by more than 15 or 20 degrees. 
We find that it is desirable also to have the horizon show in every picture. 
The height of the plane above the cloud level should be as high as practicable 
so that the irregularities in the level of the top of the cloud become only a 
small fraction of the height of the plane above the cloud. We have found it 
best to have a plane fly at a height of at least 15,000 feet above the seeded 
cloud layer in a circle 30 miles in diameter so that it takes about a half hour 
to complete a revolution around the seeded area. From the photographic 
data, we wish to produce a map of the seeded area at any given time and to 
watch the progressive change in this map as long as the effects continue to 
be appreciable. The method that we have used for this purpose is to use the 
photographs to give the horizontal angles (azimuth, ¢) and the vertical angles 
or altitude a measured downward from the horizon. If we know the height 
of the plane H above the cloud layer, then we can calculate the horizontal 
distance of any observed point by an equation 


R= H/tana (1) 


On polar co-ordinate paper it is possible to construct a map of the seeded area 
by measuring the @ and a for a series of points around the periphery of the 
seeded area. 

By comparing the maps taken at successive intervals of time, one can then 
determine the path of the plane and determine the changes with time that 
occur in the shape and size of the seeded area. A check on the accuracy of the 
work can then be obtained by determining whether the successive positions 
of the plane at different time intervals correspond to a velocity of movement 
equal to that of the plane allowing, of course, for any difference of wind veloc- 
ity between the altitude of the plane and the clouds. 

To determine from the photographs the values of ¢ and a for any point 
recognized in the photograph, we have constructed a series of grids on thin 
sheets of Plexiglass on which lines are ruled corresponding to meridians and 
latitudes. 


Method of Constructing the Grids 


In formulating the problem, let us assume that the top surface of the cloud, 
which is represented by C, is parallel to the surface of the earth; that is, it is 
a spherical surface having a radius of curvature E, which is the radius of the 
earth, 2.09 x 107 feet. Now let us consider a point D, at the top of the cloud 
layer and assume that at a height H vertically above point D, there is an air- 
plane carrying a camera, the center of whose lens is at point O. 

Through the point D, in the top of the cloud, we construct a horizontal 
plane 7. Any point on this plane which we may consider will be represented 
by P,. If we draw a straight line from O to P,, we will have to extend this 
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line to a point P,, before it intersects the top of the cloud layer C, which is 
on a spherical surface. 

Let us now pass a vertical plane through the line OD,. The line of inter- 
section between this plane and the horizontal plane T is a straight horizontal 
line which we may represent by A,D,, where A, represents a point of infinity. 

Because of the curvature of the earth, the horizon as seen from the airplane 
is depressed through a small angle a, below the line OA,. The amount of 
this depression is given by: 

@, = (2H/E)"" (2) 
Here a, is to be expressed in radians. 


If, however, we measure H in feet, express a, in degrees, and introduce 
E value, we find that 


a, = 0.56(H/1000)2 (3) 
The distance R, to the horizon as seen from the point O is given by: 
R, = (2HE)" (4) 


If we express H in feet, introduce the value E in feet, and express R, in 
miles, we obtain equation 


R, = 1.226H8 (5) 


Careful analysis shows that for all objects on the cloud level C for which a 
is more than three times as great as a,, R, and R, do not differ appreciably; 
that is, not over three per cent. For larger values of a the effects are negligible. 

Thus in analyzing photographs, the first step is to construct on the photo- 
graph a horizontal line which is placed above the apparent horizon by an 
angular amount corresponding to a,. This allows for a correction for the cur- 
vature of the earth which is very appreciable when the plane is flying 10,000 
feet or more above the cloud. 

Let us assume that the camera at O has its axis directed toward A, where 
the line OA, is horizontal and assume that the camera axis is tilted down be- 
low A, through an angle 6. The camera axis will then intersect the line DA, 
at a point B,. The plane of the photographic plate is perpendicular to the 
axis OB,, and is at a distance equal to the focal length behind it. Geometric- 
ally, however, the problem is the same if we consider the projection of any 
point B, in the tangent plane T onto a plane in front of O. Actually in the work 
we have done so far, a camera having a focal length of five inches has been 
used and the photographs have been enlarged two-fold. We are, therefore, 
interested in calculating the points of intersection of lines OP, with a plane 
perpendicular to OB,. The cuts [through this plane at a distance F at a 
point 10 inches from point O. 

The procedure of forming the grid is as follows. We assume that the focal 
length F and the angle of tilt 6 are known. We now take a paper and a large 
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drawing board and draw a straight line on which we put three points, A, B, 
and D. These are so chosen that the distances AB, BD, and AD, are given by: 


AB = F tan (6) 
BD = F cot 6 = F/tan6 (7) 

ABXBD =F (8) . 
AD = 2Fjsin 26 (9) 


The point B is to be used as the center of the grid. Through the point A draw 
another line perpendicular to AD. We may represent points along this line 
by ¥ which corresponds to azimuth angle ¢, measured to the right or left of 
A as origin. We may select a set of points, 7, corresponding to a set of evenly 
spaced values, ¢, such as +5 deg., +10 deg., etc., up to +25 deg. Mark a series 
of points of ¥ along the line as defined by 

Af = F tang/cos 6 (10) 
Connect each of these points # with point D by a straight line. These lines 
which radiate from D represent ‘‘meridian lines” for each of which ¢ has 
a constant selected value. 

The lines of equal altitude, which corresponding to lines of latitude on 
the earth, are strictly speaking conic sections: hyperbolas, parabolas, ellipses, 
or circles depending upon the relative values of a and 0. For all practical pur- 
poses, however, we can replace these conic sections by circles which have 
the same curvature where they cut the line AD. We .can locate these inter- 
sections for the case ¢ = 0 for the line AD by measuring the distance y above 
and below the point B on the line AD by equation 


y = F tan(6—a) (11) 
Through each of these points (drawn for values of a, such as 5 deg., 10 deg.’ 
etc.), we construct circular arcs having a radius of curvature given by 
o = F/tana (12) 
It is interesting to note that the radius of curvature is independent of 6. 


Using this method, the series of photographs obtained during several seed- 
ing flights have been analyzed. 
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With VincENT J. SCHAEFER AND BERNARD VONNEGUT as co-authors 
Research Laboratory Report No. RL-140, December (1948), 


THE FOLLOWING series of flight plans are proposed as a tentative program 
for present and future flights in the joint Army-Navy-General Electric Cloud 
Studies Project. Each plan is subject to revision immediately upon the finding 
that some phase is impractical or unnecessary. The plans have been drawn 
up in large part, however, based on practical experience gained in the flights 
that have already been made by the earlier Fairchild flights of General Electric 
and the more recent B-25 and B-17 flights by the Army-Navy personnel 
assigned to the present project. 

Strong emphasis is placed on detailed and synchronized observations by 
all personnel engaged in the flights se that a complete and accurate record 
of each flight can be made from take off to landing. Such data will be a prime 
requisite for study and planning of future projects. Some of the flights to 
date have been informative but none of them have been completely satis- 
factory. Much progress has been made, however, and good results are ex- 
pected on subsequent flights. 

Much of the success of all flight plans related to cloud modification depends 
to a large degree on obtaining a complete photographic record synchronized 
to the second with all of the flight data such as heading, altitude, air speed, 
and temperature. The best results to date-have been obtained with infra-red 
plates, although much experimental work needs to be done with color and 
other techniques, such as polarizing filters and stereoscopic photography, 
in order to gather the maximum information possible. 

Any revisions in the proposed plans will be issued as memoranda between 
quarterly reports and distributed to all those on the distribution list of this 
report. 


Flight A 
Cloud Seeding of Solid Overcast 
Purpose 
To seed continuous overcast of supercooled clouds with ice nuclei 
in a recognizable geometric pattern so that development of snow region can 
be accurately plotted and quantitatively analyzed from above, within, and 
below the modified region. 


(24) 
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Procedure 


Use three planes. (1) AB-29 or B-17 at 30,000 feet to obtain complete 
series of photographs and to keep track of seeding plane and reconnaissance 
plane. (2) AB-17 to do the seeding at the top of the cloud, take photographs 
at 15,000 feet and to subsequently explore the seeded region. (3) A recon- 
naissance plane, AT-11 or Navair, to observe the snow or rain development 
below the cloud and to make a complete photographic record of everything 
seen. This plane should have radio communication with top plane. 


Plan of Operation for High-Level Observation Plane 


Synchronize all watches to the second. Check communication system to 
tower and other planes. Take off and climb immediately at 500 to 1000 feet 
per minute to 25,000 feet, and commence making a 30-mile diameter circle 
over assigned area in southern Adirondacks. This involves a 3-deg bank counter- 
clockwise during flight on circle route. Watch for B-17 seeding plane of radar 
scope which should follow within a few minutes. Obtain complete altitude- 
temperature record during climb and observe icing and turbulence while 
passing through cloud system. Readings should be made at every 1000 feet 
(closer if practicable) during climb and descent. Establish communications 
with the middle (seeding plane) and start taking pictures one minute before 
the start of the seeding run. Make a photograph every minute on the even 
minute +2 seconds and, record the heading, azimuth, and angle of camera 
tilt. The co-pilot should record air speed and obtain heading to an accuracy 
of +1 degree, if possible, and make this record at zero seconds every minute, 
starting as soon as possible after take-off and continuing to the end of the flight. 
This record should be accurate, since it must synchronize perfectly with the 
photographer’s records. The photographer should include the horizon and 
the complete area affected by seeding in every picture. If the plane is too close 
or too far away, the photographer should immediately make this known to 
the pilot. However, the pilot or the co-pilot should also check the location 
of the seeded area and keep the plane in the best position possible for proper 
photographic recording. Contact should be maintained with the seeding plane 
and the photography continued until the seeding plane announces that it has 
finished its observations and is heading for the north-south leg of the Albany 
Radio Range. 

The Observation Plane then notes the time and leaves for the range with 
a heading of either 90 degrees of 270 degrees. Reaching it, the plane notes 
the time, heads for the cone and notes the time of arrival above it. After reach- 
ing the cone, the plane should descend upon instruction from Albany Control 
Tower and return to port. 


Nore: Close attention must be paid to the difference in the drift of the seeded area and 
the plane, so that the seeded area is kept in proper position for photographic observation. 
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Plan of Operation for Seeding Plane 


The seeding run with dry ice should be as follows: Approaching the assigned 
area, a heading of 360 degrees is made two minutes before giving the signal 
to seed. At zero minutes, the seeding signal is given and the man assigned to this 
operation starts the dispenser (which should be filled and ready to dump 
the particles at the flick of switch). Seeding continues at the maximum output 
of the dispenser for four minutes. Between 0 and +1 minute, 30 seconds 
the plane should maintain a heading of 360 degrees. It then should head counter- 
clockwise at +1 minute, 30 seconds and at +2 minutes, 30 seconds should 
straighten out at a heading of 270 degrees and maintain this until + 4.0 min- 
utes. At this joint the dispenser is stopped. The plane at +4.0 again swings 
counterclockwise and by +5.0 minutes should straighten out to a heading 
of 180 degrees. On this leg, at +6.0 minutes, the seeding signal is given and 
one pound of granulated dry ice is dumped suddenly. Continuing on 180-deg 
heading until +7.0 minutes, 100-200 pounds of granulated dry ice are dumped 
suddenly. When this has been done, the plane immediately climbs to 5000 
feet above the cloud top going into a counterclockwise circle around seeded 
region. 


Photographic Plan for Seeding Plane 


The same photographic procedure should be followed as described for 
the top plane with the pilot maneuvering his ship so that the included angle 
between the near side of the seeded region and the horizon is between 20 
degrees and 30 degrees. The diameter of the first complete circle should 
probably be about 20 miles with a plane tilt of 3 degrees - 4 degrees. Photo- 
graphy should continue for one complete circle, the photographer making 
sure that all of the seeded area is included in the picture. The photographer 
should keep the pilot informed of his requirements during this period and 
very accurate notes should be made of altitude, heading, tilt angle, and azimuth 
of camera. 

As soon as complete circle is made, the seeding plane should maintain altitude 
and head over the area and attempt to photograph the ground through the 
hole. Descend and make detailed observation of the structure and appearance 
of the modified region. Fly immediately over the top of the area and observe 
the general appearance. Descend into the region, observe the halo and other 
optical effects looking toward sun. Attempt to get a color picture of the halo. 
During the maneuvers, check the icing rate with the cone and small cylinder. 
After flying through the modified region checking the icing rate, enter the 
unmodified region, climbing toward the top of the cloud and observe the icing 
rate in that region. During all of these maneuvers, continue observations on 
temperature, altitude, and heading. Reaching the top of the cloud again, enter 
the modified region and explore its lowest reaches, noting whether it is pos- 
sible to reach the base of the overcast through the hole. If this is possible, 
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attempt to identify the exact geographic spot under the hole. Observe precip- 
itation and any other features that might be related to the experiments. After 
completing observations, note the exact time and make heading of either 
270 degrees or 90 degrees to reach north-south leg of Albany Radio Range. 
Observe time it is reached and head for cone. Note time it is reached and 
descend upon instructions from control tower. 

Return to port. 


Plan of Operation for Observation Plane at Cloud Base 

If possible a third plane should be used for observing the development 
of precipitation at the base of the overcast. Since this plane has the shortest 
distance to fly, it should be last in take off. If possible it should carry at least 
two persons besides the pilot, one a photographer and the other an observer 
who makes necessary records, assists the photographer, helps in navigation 
and directs the course of the observation. 

This plane should be in radio contact with the high-level plane and should 
preferably fly directly below it close to the cloud base during the early stages 
of the seeding. If subsequent developments indicate that better pictures could 
be obtained from a different direction, it should be free to maneuver to a more 
suitable position, staying however close to the cloud base. By maintaining 
radar and radio contact with the high-level plane, checks on the general location 
of the complete operation could be easily obtained. 

In general, it would be desirable for the low-level plane to maintain a distance 
far enough from the seeded area to show the extreme limits of the precipitation 
in one picture. This might involve a distance of 20 miles. If haze conditions 
do not permit photography at this’ distance, go closer and attempt to make 
a panorama with ground features that will permit some degree of matching. 
All photographs made in the low-level plane should include plane heading, 
azimuth of camera with respect to heading, tilt of camera, and altitude. 

The lower plane should continue to observe from a distance until the seeding 
plane announces its departure for the radio range location. It may then fly 
into the affected area and attempt to obtain low-level pictures of any holes 
produced in the overcast and check the geographic location of the modified 
region at a specific time. 


Flight B 
Cloud Modification of Supercooled High Altitude or Tall 
Cumulus Clouds 

Purpose 

To seed with ice nuclei high altitude or tall cumulus clouds, the upper 
portions of which have a temperature below 3°C (32°F) and consist of super- 
cooled water droplets, the object being to explore the possibility of hail pre- 
vention, thunderstorm dissipation, and production of rain. 
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Procedure 


Use two planes, one for seeding and exploratory work, the other for obser- 
vation purposes. These should preferably be a B-17 aircraft and a photo plane 
of high maneuverability. 

Cloud systems ideal for the purpose would be the type which occur rather 
frequently in the late afternoon from June to September in regions like eastern 
New York. These often develop into spectacular towering clouds isolated from 
each other or in lines invading an otherwise clear sky region. They often lead 
to violent local thunderstorms sometimes accompanied by hail. 


Plan of Operation for Seeding Plan-flight B 


The seeding plane should immediately upon take off establish communication 
with observation plane and control tower and then head for the top of a cloud 
mass which seems to be in an early but active stage of development. Careful 
check of the temperature-altitude relationships and other essential data (same 
as Flight A) should be started immediately following take-off and continued 
until reaching the top of the cloud. Unless the freezing level is at least 1000 
feet below the top of the cloud, the seeding operation should be delayed until 
such a condition develops. Check of the air temperature within the cloud 
should be made if possible to be sure that a supercooled condition is 
present. 

When the proper conditions are noted, the plane should enter the very 
top of the cloud and, as rapidly as possible, dump from 100 to 250 pounds 
of granulated dry ice into the cloud. Care should be observed that all of the 
dry ice enters the supercooled cloud. Pellets ranging from 1/16 inch to at 
least 2.0 cm diameter should be used, since the vertical currents within the 
cloud will probably tend to decrease the effective falling height indicated in 
Table I of this report. 

After seeding the cloud, the plane should immediately climb, if possible, 
at least 2000 feet above it and circle within five miles of the top in counter- 
clockwise direction for ten minutes and then fly a straight line about two miles 
to the right of the top of it to afford the chance to obtain good photos looking 
down. After about ten minutes of elapsed time from the seeding operation, 
the plane should descend in the cloud to observe the cloud structure and any 
apparent precipitation as either snow or rain. Reaching the base of the cloud, 
the plane should increase the distance from the modified cloud, increasing its 
distance away from it so that most photographs show both limits of falling 
snow or rain. If air is too hazy to permit this, the plane should approach to 
positions where photography is possible and take alternately pictures of right 
and left edges of the precipitation showing its location with respect to 
recognizable points on the ground. During this period, the plane should attempt 
to circle the precipitation area to enable us to plot its area and its development 
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with time. We particularly want to know how long the precipitation lasts and 
whether it increases or decreases with time. Observe and record whether 
the original cloud seems to be dissipated by the | recipitation or whether 
precipitation increases with time. Also note whether the effect shows any 
evidence of spreading to nearby clouds. 

Throughout all of this period, continuous records should be made every 
minute at zero seconds, +2 seconds of plane heading, air speed, temperature, 
and altitude. 


Plan of Operation of Observation Plane — Flight B 

Upon take-off, communication should be established immediately with 
the seeding plane and control tower after which the plane climbs immediately 
to an elevation about 2000 feet above top of selected cloud and at a distance 
of at least 10 miles where the plane should go back and forth over approxi- 
mately the same path. The plane should climb to keep pace with the vertical 
rise of the cloud. The horizontal distance between the plane and the cloud 
should be such that the azimuth angle with respect to the seeded cloud does 
not change more than 20 degrees per minute. With this condition, successive 
photographs will show distant points beyond the top of the seeded cloud in 
adjoining pictures. : 

Photographs should only be taken while the plane is moving approximately 
at right angles to the seeded cloud. This, of course, means that the photographer 
must alternately use the port and starboard sides of the plane for his photo- 
graphs. 

This plane also must keep an accurate record of heading, altitude, air 
speed, and temperature besides the tilt and azimuth of the camera, all of 
such records and photographs being taken every minute at zero seconds 
+2 seconds. 


Flight C 
Cloud Studies and Attempts to Produce Clouds in Clear Air 
Purpose 


To explore the properties of cirrus clouds and to attempt to induce the 
development of ice crystal clouds by seeding clear air with ice nuclei when 
the air is supersaturated with respect to ice but not water. 

Procedure 

Use either a B-17, a B-29, or a lighter plane equipped for high-level flying. 
When cirrus clouds are visible, the plane should climb into them equipped 
with at least 50 pounds of granulated dry ice and with cameras using panchro- 
matic, infra-red and color film. It should also have a good temperature-measuring 
device capable of recording to at least —40°C which should be equipped 
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if possible with a recording chart having a speed of at least one foot per 
minute. It would be desirable to also record altitude on the temperature 
record, 

While still 2000 feet below the lower reaches of the cirrus clouds, the tem- 
perature-altitude-recording unit should be started. Previous to this, tem- 
perature-altitude records should have been made from the time of take-off 
every minute at zero seconds. If possible, the plane should climb through 
the ice crystal cloud and above it. Photographs on either panchromatic or 
infra-red film should be made as the cloud is approached and then color used 
if any optical effects are observed, such as halos, sundogs, or other similar 
formations. : 

After passing through the cloud, the plane should be flown into a region 
free of visible clouds but level with the tops. A seeding run should be made 
in the area free of clouds dispensing one pound per mile in the standard seeding 
pattern, i.e. seed with dry ice in a heading of 360 degrees for 11/2 min: 
counterclockwise swing for one min; heading of 270 degrees for 11/2 min; 
stop seeding. Continue in counterclockwise swing for 1 min; heading of 180 
degrees for 1 min at which time 1 pound of dry ice is dumped suddenly; then 
continue for 1 min with same heading and dump remainder of dry ice (between 
10 and 50 pounds). 

Since the altitude and temperature would rarely permit climbing above 
the seeded pattern for photographing, the plane should drop to a level 10,000 
feet or more below the seeding level and go into the same type of observation 
circle recommended for Flight A. Using a circle of from 20 to 30 miles in di- 
ameter, a bank of about 3 degrees, and turning at the rate of about 16 degrees 
per minute, the plane should circle the seeded area and obtain photographs 
every minute at zero seconds obtaining the same kind of data on heading, 
altitude, temperature, and air speed as in Flight A. The photographer will 
obviously use the window on port sides as before, but will have to tip his camera 
up instead of down to obtain pictures. These maneuvers will, of course, be 
unnecessary if the air is not supersaturated with respect to ice. The photographer 
should record the time, the tilt of his camera, and the azimuth with each 
photograph. 

After making one compiete circle of such a diameter that all of the seeding 
effect is included in each photograph, circling should continue if any effect 
is still visible. At least once every five minutes, an observation should be made 
related to the exact geographic location of the plane with respect to the 
terrain below. If lower clouds obscure the ground, radar fixes should be obtained 
whenever possible, as well as accurate time records whenever any radio range 
is crossed. After making the first complete circle and before the effects disappear 
or blend with the surrounding cloud systems, it would be desirable, if practi- 
cable, to climb to the original seeding level and obtain photographs from 
this position looking down toward ground. 
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Flight D 
Cloud Modification Dry Run 


Purpose 

Dry runs for developing seeding and photographic techniques by going 
through complete seeding and photographic operation using a large unsym- 
metrical lake as a simulated target. 


Procedure 


Synchronize watches so that all have same time to zero seconds. 

Use Sacandaga Reservoir (see map) as simulated seeded area. Make mock 
seeding run starting from Union Mills at an elevation of 10,000 feet. When 
above the vicinity of Union Mills, start the run with a heading of 360 degrees 
for 11/2 minute. Then turn counterclockwise for 1 minute to a heading of 
270 degrees and continue with this heading for 1 1/2 minute. Again turn for 1 
minute to a heading of 180 degrees and continue with this heading for 2 minutes. 
After completion of the run, start a circular climb in a counterclockwise direc- 
tion planned so that the diameter of the circle when reaching 25,000 feet is 
approximately 30 miles and the plane has a tilt of about 3 degrees and turns. 
in a counterclockwise direction about 16 deg/min. Climb at 500 ft/min. 

From the time to take-off to landing, make record of altitude to nearest 
100 feet and heading within 5 degrees, every minute on the minute +2 seconds. 
Make a reading of the temperature for every 1000-foot change in altitude 
although closer readings should be made during climb and descent from the 
mission. Also record the air speed. . 

After making the seeding run end starting to circle, the photographer 
should begin to take pictures of the reservoir every minute on the minute, 
recording the angle and azimuth of each shot. The angle should be read, if 
possible, with an accuracy of +5 degrees and the azimuth with an accuracy 
of +10 degrees. Each photograph should contain features common to the 
preceding one and should include the horizon, the Batchellerville and Northville 
Bridges, and all of wide waters. 

All observations, where practicable, should be made on synchronized 
watches exactly on the minute within +2 seconds unless arrangements can 
be made to have one person control the timing. However, even though this. 
can be arranged, synchronized watches should be used by all in any event 
of failure of communications system or the need for using it for other purposes. 

After completion of the seeding run and while still at 25,000 feet, head 
due east or west for north-south leg of Albany Radio Range and record the 
time at which it is reached. Head for the cone and record the time at which 
it is reached. Descend making a complete record of temperature-altitude 
relationships and then return to port. 
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Flight E 

Study of Microstructure of Clouds at Above Freezing Temperatures 
Purpose 

To study the microstructure of clouds having temperatures above freezing. 
Both stratus and cumulus cloud forms of all types should be studied with as 
much synchronous quantitative data as possible obtained during flights through 
them. Such data as liquid water content, particle size, particle size distribution, 
turbulence, temperature, humidity, altitude, air speed, vertical acceleration, 
and the occurrence and amount of falling precipitation should be obtained. 
The general purpose of such flights is to obtain basic fundamental data for 
testing present theories on the factors which lead to the formation of precip- 
itation. 

Procedure 

Have one B-17 fully equipped with recording instruments which will fly 
into clouds of the types mentioned. Just before entering the cloud, all of 
the recording instruments are started and checked for their performance. When 
word is received from the several stations in the plane that everything is working 
and running satisfactorily, the pilot heads the plane into the cloud and a run 
of from five to ten minutes is made, the longer period being desirable if the 
cloud is large enough. 

Detailed flight techniques will be developed and described after a few trial 
runs are completed. For the preliminary flights, the following procedures 
are proposed. During all of these passes through the cloud, as complete records 
as possible should be made. 

(1) Fly into the cloud at a definite altitude and attempt to maintain this 
initial altitude as exactly as possible using whatever controls are necessary 
to do so. Observe and record the amount of movement of the stick which is 
required to accomplish this maneuver. 

(2) Fly into the cloud at a definite altitude and try to keep the plane level, 
with the stick stationary, if possible. 

(3) Start climbing at a rate of 200 feet per minute at least 500 feet below 
the cloud base and hold the plane to this climb, using the stick as required. 
Climb for at least 10 minutes at this rate, or until the plane emerges at the 
cloud top. If the cloud has a thickness greater than 2000 feet, climb at a rate 
of 300 to 500 feet per minute, the rate being determined by the fact that the 
flight path in the cloud should not be longer than 10 minutes. Subsequent 
plans will very likely alter this condition but, for the present planning, we 
do not desire records much greater than of 10-minute duration. 

(4) Same plan as the preceding except that, if possible, the stick should 
be held stationary throughout the climb. 

(5) Enter the cloud just within visible base and maintain specific altitude 
for five minutes, using the stick whenever necessary. 
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(6) Same as (5) but keep the plane in level flight. 

(7) Enter the cloud just below the top and maintain specific altitude for 
five minutes using stick as required. 

(8) Same as (7) but keep the plane in level flight. 

In each instance, it is desizable that the pairs of conditions (1) and, (2); 
(3) and (4); (5) and (6); (7) and (8) are carried out consecutively with as 
little loss of time between them as possible. Also flights (1), (5), and (7) 
should be made as another consecutive set of observations as nearly as possible 
in same cloud with one flight following the other as rapidly as possible. 

When isolated clouds are used for study purposes, the shadows which they 
cast on the ground should be employed whenever possible for maneuvering 
the plane into specific regions of the cloud. By locating the cloud’s shadow 
on the ground (or a lower deck of clouds), the plane can be maneuvered with 
respect to it by locating the shadow of the plane and watching it as the shadows 
come together. 

Even though clouds are not present in the air, much important information 
can be gained in the early stages of this flight program by producing specific 
movements of the controls and noting the type of acceleration-altitude-time 
records obtained. This will provide basic information which will lend itself 
subsequently to quantitative analysis of the type of movements encountered 
within a cloud system. 

More details and modifications of these general flight procedures will 
be issued as memoranda when progress and experience shows the need. 


Combustion of Inflammable Liquids Containing Silver and Iodine 


A method of silver iodide smoke generation which may hold promise is 
the combustion of liquid fuels containing silver and iodine. These components 
would be volatilized in the flame and form silver iodide smoke. At the present 
time very little work has been done on this particular method. This arrange- 
ment is attractive because it might prove possible to use oil burners and internal 
combustion engines as nuclei generators by adding silver and iodine to the 
fuel. The question of the harmful effects of these substances on the burner 
or engine would have to be carefully studied. A big problem in using this 
method is to get the silver into solution in the oil. The iodine offers little dif- 
ficulty as it is easily soluble in oils and gasoline. Common silver salts have 
very little solubility in oils. Silver stearate may have sufficient solubility to 
permit its being used in oil or gasoline. 

Silver iodide is quite soluble in acetone as AGI (Nal),;H,O. A solution 
of this sort was burned as a spray and gave numbers of nuclei. In the con- 
centration used, about 5 per cent of the presence of the salt seemed to inhibit 
the burning of the flame, and it was difficult to keep it going. It is possible 
that this method might be developed into a satisfactory generator of nuclei. 
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Introduction of Powdered Silver Iodide into Powdered Coal of Power Plant Furnace 


A method fer dispersing silver iodide nuclei that may be quite simple and 
effective is to introduce silver iodide into the coal burned in a power plant. 
The temperature of combustion is high enough to vaporize the silver iodide, 
and it might be possible to introduce the silver iodide in such a way that nuclei 
of the desired size and number are produced. A qualitative experiment to 
disperse silver iodide in this manner was carried out last winter. Twenty-five 
grams of powdered silver iodide were introduced into the coal being fed to 
the furnace of a power plant at the Schenectady Works of G.E. From the point 
where the silver iodide is introduced, the coal proceeds to a pulverizer where 
it is ground to about 200 mesh. Then it is blown with compressed air into 
the furnace. The fly ash and other products of combustion are exhausted 
through a stack about 200 feet high and 12 feet in diameter. The coal is con- 
sumed at the rate of about 12 tons per hour. The experiment was carried out 
when there was an overcast of supercooled clouds in the sky. No effects that 
could positively be attributed to the silver iodide were observed. No measure- 
ments were made on the numbers of nuclei produced because of the difficul- 
ties in obtaining samples. 

Possible difficulties with this method are interference with nucleation 
caused by soot particles, loss of silver by reaction with fly ash, and wrong 
size particles. | 


Silver Iodide Flares 


Several dozen flares were made up by a local fireworks company. The 
composition of the flares was the same as their regular, red signal flare with the 
difference that 2 grams of silver iodide was substituted for the 2 grams of stront- 
ium carbonate used to give the red color. The flares are mostly potassium 
chlorate and weigh 37 grams. A flare was found to produce about 10% nuclei 
during its burning, which took about one minute. This is not a particularly 
efficient source of nuclei compared to others. However, it is a convenient 
method. 


Silver Iodide Impregnated Charcoal 


One of the most hopeful methods of generating silver iodide nuclei in large 
numbers is burning charcoal which has been impregnated with silver iodide. 
Much work must yet be done to determine the most satisfactory concentra- 
tions of silver iodide in the charcoal and the best method for burning it. At 
the present stage of development, the method is giving encouraging results. 

The impregnated charcoal is made by soaking charcoal briquettes, made 
by the Ford Motor Company, in a solution made by dissolving 30 grams of 
silver iodide, 30 grams of sodium iodide in a liquid made of 1000 cc of acetone 
and 150 cc of water. The silver iodidé and the sodium iodide form a double 
salt which is soluble in acetone. The double salt is soluble in water; however, 
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the concentrated solution precipitates out silver iodide if it is diluted with 
water. Acetone has the advantage that it can be made as dilute as desired with 
no precipitation taking place. The impregnation of the briquettes is quite 
simple and rapid. It takes about five or ten minutes for the charcoal to absorb 
the solution. After the briquettes have absorbed the solution, they are removed 
from the liquid, and the acetone and water evaporate, leaving the impregnated 
charcoal. Ordinary wood charcoal is satisfactory for this method; however, 
it absorbs the solution more slowly and, for this reason, the briquettes are 
used. Some experiments were made using coke instead of charcoal. However, 
it was found that a single piece of coke will not remain burning in an air stream. 
This rules out the use of coke except in cases where a large enough fire is 
made to maintain combustion. 

To produce silver iodide smoke, charcoal is burned in a stream of air. The 
heat of the burning charcoal vaporizes the silver iodide at the surface. The 
resultant silver iodide vapor is rapidly condensed and diluted by the moving air 
stream to form an invisible smoke. The rate of burning of the charcoal and 
consequently the rate of vaporization of the silver iodide is determined by 
the rate of air flow over the charcoal. This means that the rate of air flow which 
condenses and dilutes the silver iodide increases as the rate of liberation of 
silver iodide is increased. 
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Fic. 1. Airplane type smoke generator. 


The size and number of silver iodide particles produced will depend on 
the way the charcoal is burned, the air velocity over it, and the amount of silver 
iodide in the charcoal. For different conditions, it may be desired to have 
smokes of different particle sizes. The solution described for impregnating 
the charcoal gives charcoal with about 1 per cent of silver iodide. This impreg- 
nation will be used until a better idea is obtained as to what sort of smoke 
is most desirable in various applications. 

A charcoal burner has been made which is intended primarily for use on 
an airplane. It is illustrated in Figure 1 and in Figure 2. In operation the burner 
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projects from the bottom of the fuselage. The motion of the plane provides 
the air stream for the burning of the charcoal in the perforated metal section 
in the bottom of the tube. Tests have been made with this generator on the 
ground using a blast of compressed air to simulate the velocity of air flow 





Fic. 2. 


produced by the plane. It was found that this generator produces about 10'* 
nuclei per second with a consumption of about five pounds of impregnated 
charcoal per hour. This is a silver iodide consumption of ten milligrams per 
second, or $1.00 worth per hour. 
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Fic. 3. Device for dropping burning charcoal. 


The burner illustrated in Figures 1 and 2 is intended to leave a trail of smoke 
behind which will gradually diffuse into the atmosphere. The generator in 
Figure 3 is so constructed that it will shower out pieces of burning charcoal 
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from the burner beneath the plane. As these drop, they will leave trails of nuclei 
in much the same fashion as dropping pieces of solid carbon dioxide. 

Experiments have been made to determine how far burning pieces of char- 
coal fall before they are entirely consumed. Results were obtained by regula- 
ting a stream of air in a vertical tube so that a piece of charcoal remained 
stationary in the air stream as it burned. From the amount of air which had 
flowed through the tube and the diameter of the tube, it was possible to cal- 
culate the distance of fall. The results of these experiments are shown in Fig- 
ure 4 along with similar data obtained with dry ice. 


4000 COe 


3000 CHARCOAL 


OISTANCE IN FEET PARTICLE FALLS 


om=10 2030 AO 


PARTICLE DIAMETER INCHES 
Fic. 4. Distance of fall of solid CO, and charcoal particles. 


Work is underway to develop a portable generator for use on the ground. 
It is planned to use a blower to produce the air stream for burning the char- 
coal. At present the airplane-type generator is being used for work on the 
roof of the Laboratory. A large quantity of compressed air is required, and 
it is believed that a blower would be more economical. 

In using the burning charcoal method of smoke generation, it is necessary 
that the air stream be sufficiently strong to prevent any ash building up on 
the charcoal. If ash does form on the surface, a large portion of the silver iodide 
is retained in the ash rather than being liberated as a smoke. A wind velocity 
of 20 miles per hour or greater seems to be sufficient to prevent ash accumula- 
tion. It is, therefore, possible to operate a generator in the air moving past 
an automobile. This may be a useful method in some cases. 


Silver Iodide Impregnated Excelsior 


Work has recently been started to investigate the possibility of producing 
large quantities of nuclei by burning excelsior impregnated with silver iodide 
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in, the same manner as the charcoal. It is believed that this method might 
be a very convenient way to create the smoke without the need of any equip- 
ment. If a sufficiently large mass of excelsior is used, the heat of combustion 
should create a strong draft for producing the smoke and should help carry 
the smoke to upper cloud layers. Results thus far on the excelsior are qualita- 
tive. It has been found that a burning strand passed through the box produces 
large numbers of nuclei. The excelsior probably is similar in its operation 
to the charcoal method as the excelsior in burning forms charcoal, which in 
turn burns to produce nuclei. 


Production of Smoke by Spraying Silver Iodide Solutions 


It is possible to produce smokes of silver iodide particles by atomizing 
volatile liquids containing silver iodide in solution. When the drops of spray 
evaporate, they leave behind small particles of silver iodide. This technique 
has been used to produce nuclei in the cold box. Spraying a saturated water 
solution of silver iodide or an acetone solution of silver iodide and potassium 
iodide and allowing the spray to evaporate produces effective nuclei. 

The main limitation of this method is the fact that spray nozzles and atom- 
izers don’t produce sufficiently small drops to make the method attractive 
on a large scale. With an atomizer it is difficult to produce a spray with an 
average drop size much less than 10 microns. An atomizer producing the same 
number of particles as the charcoal-type generator would be required to atomize 
several hundred gallons of solution per minute which would require a large 
amount of energy and equipment. 


Tests Using Silver Iodide in Natural Conditions 


Several silver iodide flares were tested in a supercooled cloud on Mt. Wash- 
ington, but no definite results were obtained. 

On May 9, 1947, a charcoal-burning generator was tried on a supercooled 
cloud in a flight made by the Signal Corps. The seeding flight was made two 
hundred feet below the top of a cloud with a temperature of —14°C. Some 
observers in the plane thought that a shallow trough was formed in the cloud, 
while others could see no effects. The type of generator used in this flight 
did not release any burning particles large enough to fall an appreciable dis- 
tance so that the nuclei were left in a line behind the plane rather than dropping 
through the cloud. It is, therefore, likely that whatever effects did occur were 
not spectacular. 

Experiments have been made to see whether it was possible to operate 
a silver iodide smoke generator at one position and observe nuclei in a cold 
box several miles down wind. On April 10, 1947, a charcoal-burning generator 
was operated continuously from 9:40 a.m. to 10:52 a.m. on the roof of Build- 
ing 5. At the same time observations were made on a supercooled cloud in 
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a frozen foods cabinet in Alplaus, New York, about five miles down wind 
from the generator. The observations were as follows: 


9:15 am. No crystals observable 
9:45 a.m. No crystals observable 
10:15 a.m. Crystals 6 or 8 inches apart 
10:25 a.m. No crystals observable 
10:35 a.m. No crystals observable 
10:45 a.m. Crystals 2 inches apart 
11:00 a.m. Crystals 8 to 10 inches apart 


The wind during the experiment was about 10 miles per hour. While these 
results are by no means conclusive, it is possible that the effects observed 
were the results of the silver iodide smoke released. 

The next experiments on silver iodide smokes in the atmosphere will in- 
volve flights above and below supercooled clouds using charcoal-type generators. 
It is believed that the technique of dropping burning pieces of impregnated 
charcoal through clouds will give more significant results than the smoke 
generator previously used. 
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THE PRODUCTION OF RAIN BY A CHAIN REACTION 
IN CUMULUS CLOUDS AT TEMPERATURES ABOVE 
FREEZING! 


Research Laboratory Report No. RL-140, December (1948). 


Evaporation-Condensation Theory of Cloud Droplet Growth 


Because of the effect of surface tension, small droplets in clouds have slightly 
higher vapor pressures than the larger droplets. The smaller drops thus evapo- 
rate to give vapor which condenses on the larger ones. Although the vapor 
pressure difference amounts to only a few hundredths of one per cent, this 
phenomenon is very important in determining the rate of growth of the cloud 
particles within the first few minutes after they are first formed at the base 
of a cumulus cloud. However, after the droplets have grown to diameters 
of 20 to 30 microns, this process proceeds extremely slowly, and it is not pos- 
sible in this way alone to account for the relatively rapid formation of rain 
which sometimes occurs in cumulus clouds. 

This evaporation—-condensation theory of the growth of particles in aero- 
sols was developed early in 1942 and led to the design of a screening smoke 
generator. In the years 1943 to 1945, in connection with the studies of forma- 
tion of rime or ice on aircraft, measurements were made, on the summit of 
Mt. Washington, of the rate of deposition of ice on slowly rotating cylinders 
of various diameters exposed to supercooled clouds blowing over the summit 
at known velocities. A method was evolved for determining the diameters of the 
cloud droplets. These data indicated that the droplets increased in size and 
decreased in number after they were formed at the base of the cloud by the cool- 
ing of the air by adiabatic expansion. 

The same quantitative evaporation-condensation theory that had been 
so useful in the development of the smoke generator was again found to be 


1 A preliminary account of this work was included in an address before the National Academy 
of Sciences in Washington, D.C., on November 17, 1947. (See Staff Report, Chem. Eng. Netos 
25, 3568, 1947.) A paper covering substantially all the material in this report was presented 
before the American Meteorological Society at the meeting in New York on January 28, 1948. 
This complete report will also be published in the Journal of Meteorology. 
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applicable. The following semi-empirical equation, consistent both with the 
experimental data and the theory was obtained 


ia 2.46 (224 r) ed (1) 


50 
where d is the diameter of the droplets in microns, T, is the temperature in 
°C, w is the liquid water content in g/m*, and V is the vertical component 
of the wind velocity in meters/sec. 

This equation should presumably be at least approximately applicable to 
the growth of water droplets in clouds of the free atmosphere. Experiments. 
(Project Cirrus) are being planned to the test this theory in airplane flights. 
and. to develop a better knowledge of the growth of cloud droplets. 

According to the Mt. Washington experiments, we should expect that 
droplets in summer cumulus clouds at +20°C should grow to a diameter 
of about 26 microns in one minute and to about 72 microns in 30 minutes. 
Under mild winter conditions with cloud temperatures of 0°C, the diameters. 
should be only 14 after one minute of 44 microns after 30 minutes. According 
to W. J. Humphreys (Physics of the Air) droplets of 100 microns diameter 
fall with a velocity of only 25 cm/sec and so in 30 minutes in quiet air could 
fall only 450 meters. However, in actively growing cumulus clouds there are 
upward vertical currents of several meters per second that would prevent 
the descent of these droplets and would even carry them to great heights. 

Since cumulus clouds often develop rain within less than 30 minutes after 
their formation, we see that some other mechanism than that assumed in 
the evaporation-condensation theory must be involved in rain formation. 





Natural Processes which Cause the Formation of Heavy Rain 


Some 15 years ago, T. Bergeron and W. Findeisen emphasized the impor- 
tant role that might be played by the growth of snowflakes in the upper part 
of a cloud if this reached a temperature below freezing. The vapor pressure 
of supercooled water at —20°C is 22 per cent higher than that of ice at the 
same temperature and under these conditions, snowflakes grow thousands 
of times faster than water drops. Findeisen, even in recent papers, has main- 
tained that rain of substantial intensity can only form after the top of the cloud 
is above the freezing level and contains ice nuclei. 

On the afternoon of a hot day near the end of May, 1944, with a surface 
temperature of +30°C, I observed very large rain drops falling from a turbu- 
lent, broken, relatively small cumulus cloud which I estimated did not have 
a height exceeding 7000 feet, so that the temperature could not have been 
below freezing. Later, I found that most Army and Navy pilots who flew 
in the South Pacific area reported that heavy showers over the Pacific Islands 
frequently occur from clouds that are wholly below the freezing level. For 
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example, according to a forthcoming publication by Colonel B. G. Holzman 
and Major D. L. Crowson on weather techniques used during Operation ‘‘Cross- 
roads”, at Bikini, ‘‘Showers occurred with great regularity from clouds with 
bases at 1500 feet and with tops at 5000 to 6000 feet. Air crews complained 
that it rained harder from these clouds than from larger developed cumulus.’”* 

In Project Cirrus, experiments have been made by the Signal Corps 
and Navy using Schaefer’s method of seeding stratus and cumulus clouds 
by means of dry-ice pellets.* These experiments have all given results which 
support the theories of Bergeron and Findeisen in regard to the rapid growth 
of snow as soon as suitable nuclei are present. During the last summer numer- 
ous large cumulus clouds have been seeded at 20,000 to 28,000 feet and have 
always given very heavy rain which reached the ground within 15 to 25 minutes. 
Usually the clouds subsided rapidly within 5 to 15 minutes, but in a few cases, 
they grew to greater heights. 

The remarkable speed with which heavy rain developed in the part of the 
cloud below the freezing level indicated that some unrecognized mechanism 
was acting. 


Accretion Theory of Growth of Raindrops 


In the summer of 1944, I undertook a theoretical investigation of the factors 
that can cause the formation of large raindrops in clouds, which contain no 
snow crystals. Some droplets in the cloud, happening to be of more than aver- 
age size, would fall more rapidly and so would overtake the others and coalesce 
with them. It was then assumed that this growth by accretion would proceed 
at first slowly, but the rate of growth would increase rapidly as the drops 
acquired higher velocities and cross-sections. As the drop falls, it sweeps through 
an approximately conical volume and a certain fraction E of the droplets within 
this volume would be intercepted or collected by the drop. By assuming that 
the velocity of fall increases with the square of the radius in accord with 
Stokes’ Law (only approximately true) and that the cloud contains a uniform 
liquid water content w, (g/m?), it was found that the reciprocal of the drop 
radius decreased linearly as the time increased so that after a definite time 
t the drop should grow to infinite size. The following equation was obtained 
(Aug., 1944). 


t = 18n/Egur,. (2) 


Here 7 is the viscosity of air, E the collection efficiency, g the acceleration 
of gravity, w the liquid water content of the cloud, and 1, the initial radius 
of the drop (which started falling at time ¢ = 0). Equations were also derived 


3 See article by W. J. Kotsch, Bull. Amer. Meterol. Soc. 28, 87 (1947). 


? The Production of Ice Crystals in a Cloud of Supercooled Water Droplets. V. J. Schaefer, 
Science 104, 457-459 (Nov. 15, 1946). 
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for the growth of droplets in a cloud in which the air is rising with a given 
‘velocity. It was realized that the actual size to which the drop could grow 
might be limited by the thickness of the cloud or by a small collection ef- 
ficiency. 


Deposition of Rime on Cylinders, Spheres, and Ribbons 


During the winter of 1943-44, Mr. Schaefer and I, in co-operation with 
members of the staff of the Mt. Washington Observatory, had made studies 
of the rate of growth of rime on rotating cylinders, and we made experimental 
and theoretical measurements of the collection efficiency for rime collection. 

A theory had been proposed by Albrecht‘, according to which the fog 
particles, consisting of supercooled water droplets, move with the air around 
the cylinder when the droplets are very small, but move in trajectories that 
allow them to strike the cylinder when the droplets are larger. He showed 
that deposition of droplets of radius r carried by a wind of velocity v can occur 
on a cylinder of radius C only when rv/C exceeds a certain critical value ‘that 
depends on the viscosity and density of the air and the density of the droplets. 
Albrecht’s calculations were not accurate. Later, Muriel Glauert in England 
made more careful computations of the trajectories and of collection effi- 
ciencies, but she considered only cases where the wind velocities were much 
lower than those prevalent on Mt. Washington. 

In 1945 (Army Contract W-33-038-ac-9151) we, therefore, made a thorough 
investigation of the trajectories of spherical particles carried by air flowing 
around cylinders, spheres, and ribbons. The integrations were carried out 
by a differential analyzer. The results were given in a report (by K. B. Blodgett 
and myself) submitted to the Army Air Forces, Materiel Command, in the 
form of equations, tables, and 12 figures showing families of curves which 
give the collection efficiency, the distribution of the deposit on the collector 
surface, and the impact velocities and angles of incidence. This report will 
be referred to hereafter as the ‘1945 Report’’. d 

These data will probably be published within a few months in the fournal 
of Applied Physics. 

A. Efficiency of Deposition on Collectors. The efficiency of deposition E 
depends on the wind velocity, the droplet size, and the size and shape of the 
collector. In the cases considered in the report, the wind velocity and the col- 
lector size were assumed to be sufficiently high so that the airflow around 
the collector was of the aerodynamic type (like that of an ideal frictionless 
fluid). The data are, therefore, not directly applicable to the case of the collec- 
tion of cloud droplets by a water drop during its growth to rain drop size, 
for in this case, the fall velocities are so low that the airflow around the drop 
is that characteristic of a viscous fluid. For this reason while the differential 


‘ Albrecht, Physikalische Zeitsch. 32, 48 (1931). 
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analyzer was set up for the solution of these droplet trajectories, a few cal- 
culations were carried out for the case of viscous flow around the surface of 
a sphere. It was hoped that these results would be useful in calculating the 
growth of rain drops by accretion during their fall through clouds. 

To understand the factors involved in the problem of calculating the depo- 
sition efficiency E for accretion by falling rain drops, we will discuss a few 
of the concepts that were used in the 1945 Report. 

When a small spherical droplet of radius r moves with a sufficiently small 
velocity v through a gas having a viscosity 7, it is acted upon by a frictional 
force f given by Stokes’ Law: 


f = Garo. (3) 


Stokes’ Law does not apply for particlcs of larger size with higher veloc- 
ities. In general, however, the force f can be accurately expressed by 


f = 6ayro (CpR/24), (4) 
where C, is the ‘‘Drag Coefficient” for spheres and R is the ‘‘Reynolds 
Number” defined by 

R = 2orv|n (5) 
where g is the density of the air. 

The drag coefficient is a function of R only.5 The values of the quantity 
C,R/24, which occurs in Eq. (4), are given as a function of R in Column 2 
of Table II. For low values of R, it approaches unity as a limit so that Eq. (4) 
reduces to Stokes’ Law, Eq. (3). The calculations of Albrecht and Glauert 
on the efficiency of rime collection involved the assumption that the force 
was given by Stokes’ Law. Actually, for the wind velocities occurring during 
timing conditions, the factor C,R/24 is usually very much greater than unity. 

B. The ‘‘Range” of Cloud Droplets. The dependence of the collection 
efficiency E upon such variables as the radius of the collector, the wind veloc- 
ity U and the droplet radius r, can conveniently be expressed in terms of the 
“‘range”’ A of a droplet of radius r which may be defined as the distance which 
the particle can move as a projectile when introduced into still air with an 
initial velocity U. As the velocity of the droplet decreases the resisting force 
acting on it finally becomes so small that Stokes’ Law applies, and the droplet 
thus comes to rest after having travelled a finite distance A. Actually the range 
of a high-velocity particle cannot be calculated by Stokes’ Law. However, we 
find that the range A,, calculated on the assumption that Stokes’ Law does 
hold at all velocities, is a quantity that has great value in the theory of col- 
lection efficiency. The range 4, is given by 


A, = (2/9)0,r°U/n, (6) 
where g, is the density of the spherical droplet. 


% Modern Developments of Fluid Dynamics, by S. Goldstein, p. 16. 
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Let K be the ratio of A, to the radius C of a cylindrical collector; then we 

have 
K =4,/C = (2/9)o,°U/Cn. (7) 

The critical condition for which the droplets first begin to strike the cyl- 
inder was found to be, K = 1/8; that is, no droplets can strike the cylinder 
unless the range 4, of the droplets exceeds 1/8 of the radius of the cylinder. 

This critical condition is exactly fulfilled even if the airflow velocity U 
is so high that Stokes’ Law derivations make the true range A much less than /,. 

For the case of rime collectors having the form of spheres of radius S, 
we have in place of Eq. (7) 

K=A,]S = (2/9)o,7°U/Sn (8) 

The critical condition for which cloud droplets first begin to reach the 
surface of the sphere is obtained by putting K = 1/12, where K is given by 
Eq. (8). 

The calculation of the collection efficiency E was based on the assumption 
that all fog particles that strike the surface of the sphere coalesce with it. Later 
we shall consider the evidence regarding the extent to which non-coalescence 
(bounce off) may be a factor which limits the collection efficiency. 

If, U, the velocity of the airflow past the sphere, and the radii of the fog 
droplets are small enough, then the motion of droplets with respect to the 
air carrying them brings into play forces which are in accord with Stokes’ Law. 
Under these conditions, E is a function of K only, and the relation, as taken 
from the 1945 Report, is given in the second column of Table I. 

During the summer of 1947, I developed improved methods of calculating 
the trajectories of particles carried by a wind close to the surface of a collector 
for the case of large values of K. I have thus derived the following equation 
for the efficiency of collection by a sphere 


E = K*/(K+1/2) (9) 
The values given by this equation are in excellent agreement with the data 
of the 1945 Report for all values of K greater than 0.2. 
Deviations from Stokes’ Law cause E, for any given value of K, to decrease 
if the product Ur becomes too large. It was found, in general, that E could 


be expressed as a function of K and of another dimensionless parameter p 
defined by 


y = Ri/K = 180*SU/ngs. (10) 


Here R, is a.Reynolds number calculated as in Eq. (5) except that we 
replace v by U according to 


R, = 2erU/n. (11) 


It is seen that y depends on SU but is independent of r, the fog droplet 
radius. 
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Tasig I : 
Limiting Values of the Collection Efficiency E for Spherical Drops of Radius 
S Falling Through Clouds Containing Cloud Droplets of Radius r 
(Stokes’ Law is assumed to hold for the motion of the cloud droplets) 





| Limiting Values of Collection Efficiency 











K=4s/S | E4 Ey 
Aerodynamic flow Viscous flow 
0.0833 | 0 (crit.) 0 
0.1 0.011 0 
0.15 0.047 0 
0.2 0.081 0 
0.4 0.199 0 
0.6 0.298 0 
1.0 0.445 0 
1.214 0.501 O (crit.) 
1.5 0.563 0.066 
2.0 0.640 0.186 
3.0 0.738 0.326 
5 | 0.826 0.472 
10 | 0.907 0.634 
20 \ 0.952 0.760 
50 ' 0.980 0.872 
100 : 0.990 0 924 
200 0.995 0.956 








Under Mt. Washington conditions (—10°C, 785 mb pressure) we have 

e@ = 0.00104 g/cm, 9, = 1.0 g/cm, and 7» = 1.66x10-4 g/cm sec so that 
Eq. (10) becomes 

gy = 0.117 SU. (12) 


In the riming experiments on Mt. Washington, we were dealing with col- 
lectors having radii ranging from 0.2 to 5 cm and wind velocities from 10 
to 110 miles per hour (4.5 to 49. meters/sec) so that p ranged from 10 to 2600. 
For icing of aircraft values of ? of the order of 10,000 are to be expected. The 
data of the 1945 Report showed that with spherical collectors, for K = 5, 
the efficiency E was 0.83 for y = 0; 0.71 for p = 100; 0.63 for p = 10* and 
0.51 for p = 104. 

C. Efficiency of Deposition of Rain Drops. We wish, however, to know 
the collection efficiency for falling rain drops. According to Humphreys the 
largest rain drops have a radius of about 0.25 cm and fall with a velocity of 
about 8 m/sec so that never has values greater than 23. This is so small that 

-no appreciable error will be made in considering that the motion of the fog 
droplets takes place in accord with Stokes’ Law. 

Whether motion of the air near the surface of the spherical collector or rain 
drop is of the aerodynamic type (ideal fluid) or of the viscous flow type (Col- 
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umns 2 and 3 of Table I) depends upon the value of another kind of Reynolds 
number calculated from an equation like (11) except that the fog droplet radius 
r is replaced by S, the radius of the spherical collector. We may place 


R, = 2gSU/n. (13) 
Comparing Eqs. (13) and (10) we see that 
R, = (1/9) (@,/e)e- (14) 


Under Mt. Washington conditions, we can put o,/o = 1000 so that R, = 
110. y, and, therefore, in our riming experiments R, (or rather the cor- 
responding quantity R, for cylinder) had values ranging from 1100 to 290,000. 
and for airplane icing R, was of the order of 10°. 

The aerodynamic type of flow takes place with very high Reynolds numbers 
R, and we are thus justified in using the data of Column 2 for riming experi- 
ments with large spherical collectors and possibly for the largest rain drops. 

During the early stages in the growth of the falling drops, the value of R, 
is far less than 1000, and so it is probable that the viscous type of flow cor- 
responding to Stokes’ Law and to low values of R, will correspond more nearly 
to the conditions that determine the collection efficiency. 

The theoretical flow lines and the velocity components for air motion near 
spheres are known for both limiting cases (aerodynamic flow and viscous 
flow) and have been used in the calculations of the 1945 Report. With aero- 
dynamic flow the highest velocity (3/2) U occurs near the surface of the sphere 
(at its equator), but with the viscous flow the velocities approach zero every- 
where over the surface of the sphere and the reduction in velocity of the air 
extends to considerable distances, falling off at large distances approximately 
with the inverse square of the distance (inverse cube for aerodynamic flow). 

In the 1945 Report, differential analyzer results are given for two sets of 
trajectories of droplets carried by a viscous fluid around a sphere. It was found 
that for K = 10 (and p = 0, i.e. Stokes’ Law) that E = 0.64. It was also 
found that the critical condition (below which E = 0) occurred very nearly 
at K = 1.0 instead of the critical value K = 1/12 for aerodynamic flow around 
a sphere. 

During September, 1947, new calculations were undertaken to determine 
E for viscous flow. With improved methods the result was obtained about 
October 1 that the critical value of K was 

Kone, = 1.214 


During October the theory was extended to cover all values of K and on 
November 5 the following equation was derived 
E = 1/[1+(3/4) (In2K)/(K —1.214)}* : (16) 
The data in the third column of Table I were calculated by this equation. 
The value E = 0.634 at K = 10 agrees well with the value E = 0.64 deter- 
mined in 1945. 
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In order to be able to use these data to obtain the rate of accretion by falling 
drops, it is necessary to know the value of K. According to Eq. (7) this re- 
quires knowledge of the velocity U at which the drop falls through the air. 


Calculation of Terminal Velocity U of a Falling Drop 


To calculate the velocity we can use Eq. (4) in the form 


f = 6anSU (CpR,/24), (17) 
and can put the force f equal to that exerted by gravity 
f= (4/3)2S*e,g. (18) 


Eliminating f, we get 
Un (CpR,|24) = (2/9)e,gS*. (19) 


If the droplet are so small that Stokes’ Law holds, we can put C,,R,/24 = 1 
and get for the terminal velocity 


U = (2/9) e,gS*/n. (20) 
To calculate U for larger drops we can eliminate U from Eq. (19) by using 
Eq. (13) and so obtain 


S® = (9n*/400,8) (Cy Ri/24) (21) 

We may now choose any value of R,, as in the first column of Table II, 
and get C,R?/24 by multiplying C,R,/24 in Column 2 by R,. Then, by Eq. 
(21), S can be obtained. The values of S in Column 3 of Table II were calcu- 
lated by taking 7 = 1.713 x 10° g/sec cm, g = 0.001007 g/cm’, 9, = 1.00 g/cm’, 
and g = 980 cm/sec*, in accord with the conditions typical of an altitude of 
2000 m as given in Table III. 

Similar calculations of S and U have also been made for the conditions 
corresponding to 5000 and 8000 meters altitude as given in Table III. By 
plotting all three ‘sets of data on double-logarithmic paper using U as ordinates 
and S as abscissas, it is found that the curves lie close together, within 12 per 
cent, at the lower ends (small S), but they separate gradually until at the high- 
est values of S (1000,), the values of U for 8000 meters are 29 per cent higher 
than for 2000 meters. Thus the effect of altitude is not large and for most 
purposes may be neglected. In the rema‘nd r of this paper, we shall use only 
values of U and S given by Table II, i.>. for 2000 meters. 

The data of Table II are subject to two sources of error from factors that 
have been neglected in their derivation. Stokes’ Law, Eq. (3), is based on the 
assumption that the sphere is rigid. It has been shown by W. Rybczynski® 
that for spheres having negligible internal viscosity (for example, air bubbles 
in a liquid) the coefficient 6 in Eq. (3) should be replaced by 4. An equation 


* W. Rybczynski, Anz. Ak. Krakau, p. 40 (1911). 
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Taste II 


The Drag Coefficient C, for Spheres and the Terminal Velocities U of Falling 
Spherical Rain Drops of Radius S in Air at 785 mb Pressure and -+-2°C 



































= | CoRs s U u/s 
" 24 microns | cm/sec sec"? 
0.05 | 1.009 15 |° 28] 1880 
0.1 1.018 19 4.5 | 2640 
0.2 1.037 24 71 2960 
0.4 | 1.073 31 111 3580 
0.6 1.108 36 14.4 | 4000 
10 | 1.176 43 19.9 | 4620 
14 | 1.225 49 24.5 | 5000 
2.0 | 1.285 56 30.6 | 5450 
3 1.37 65 39 6000 
4 1.45 73 47 6440 
6 1.57 86 60 6970 
10 1.78 106 80 7530 
14 2.01 123 96 7800 
20 2.29 145 116 8000 
30 2.67 175 146 8300 
40 3.01 200 170 8500 
60 3.60 243 210 8650 
100 4.59 313 272 8700 
140 5.40 369 322 8700 
200 6.52 447 380 8500 
300 8.26 549 465 8500 
400 9.82 640 532 8300 
600 12,97 | 804 635 7900 
800 15.81 945 720 7600 
1000 18.62 1075 790 7400 
1400 24.0 21309 910 7000 
2000 32.7 | 1634 1040 6400 
Taste III 


Typical Conditions at Various Altitudes 














Alt. Pressure 9 | i 
Ra Feet | (mb) Temp. Kg/cm* 1 | 2ojn 
0 0 1000 | +15°C | 1.21 1.77 10-4 | 13.7 
2000 6600 795 | +2 | 1,007 | 1.71 11.76 
5000 | 16,400 540 | —17.5 | 0.737 | 1.62 9.06 
| 


8000 | 26,200 355 -37 | 0.524 \ 1.53 6.87 





was given for this coefficient in terms of the ratio of the viscosities of the sphere 
and the surrounding medium. For water droplets at —5°, 7 = 0.021 while for 
air at this temperature 7 = 0.000168. From this we conclude that the coefficient 
of Stokes’ Law should be decreased only 0.27 per cent—a negligible effect. 
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Drops which are larger than about 25004 in radius break into smaller 
drops in falling through the air and the maximum velocity at sea level is about - 
800 cm/sec, about 880 at 2000 meters and about 1330 cm/sec at 8000 meters. 

A more serious effect is produced by the deformation of the falling drops. 
Large falling drops become flattened and are in a state of constant oscillation, 
and the resisting force exerted by the air is then increased. Humphreys, in 
The Physics of the Air, gives a table of the observed velocities (at sea level) 
of drops of various sizes. For those having radii up to 500u, the velocities 
agree well with those of Table II, but with a radius of 1050u the velocity is 
600 cm/sec as compared to about 700 from the data of Table I (adjusted to 
sea level conditions). 


Calculation of the Effective Efficiency E of Droplet Collection 
by Falling Drops 

In Table I upper and lower limits are given for the collection efficiency 
by falling droplets. The upper limit E, for aerodynamic flow corresponds 
to high Reynolds numbers R, while the lower limit, E,, for viscous flow, 
corresponds to low values of R,. 

We may estimate the range of values of R, over which the transition from 
E, to E, occurs by considering how the relation between U and S in Table II 
depends on R,. For low values of R, the velocity U is given by Stokes’ Law, 
Eq. (20), and in this range U varies in proportion to S* and depends on the 
viscosity 7, but not on the density 9 of the air. Thus for low values of R, or 
S, U varies inversely as the viscosity 7 and so from the data of Table III, 
U increases only in the ratio of 1 to 1.12 as the altitude changes from 2000 
to 8000 meters. 

The drag coefficient C,, which can be calculated from Table II, for low 
values of R, is approximately equal to 24/R, but at high values decreases more 
slowly. Thus at R, = 50, Cp is 1.6 instead of 24/40 = 0.48. At R, = 1200, 
C, = 0.426 and beyond that C, decreases very slowly to 0.38 at R, = 3500; 
then increases to 0.417 at 16,000, rises to a maximum of 0.47 at 60,000, and 
decreases to 0.41 at R, = 160,000. Thus with reasonable accuracy, we can 
say that for high values of R,, above 1000, C, has a constant value of 0.40 
which we may represent by Cy. By inserting this value in Eq. (19) and com- 
bining with Eq. (13) we find 

Ut = (8/3)e,85/Coe- (22) 

This limiting expression gives U varying in proportion to the square root 
of S/o. Thus, according to Table III, in this range for any given value of S, 
U increases in the ratio 1 to 1.39 as the altitude changes from 2000 
to 8000 meters. 

An examination of the double-logarithmic plot of U(S) from the data of 
Table II shows, in accord with the limiting expressions of Eq. (20) and Eq. (22), 
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that the lower end of the curve practically coincides with a straight-line asymp- 
tote having a slope 2, while the upper end is nearly a straight line of slope 0.5. 
The point where these two straight lines intersect can be calculated by imposing 
the conditions C,R,24=1 and C,=C,=0.40. Thus the intersection 
occurs at R, = 24/0.4 = 60. A rough approximation to the whole course 
of the curve U(S) can be had by following the lower line according to Eq. (20) 
up to R, = 60 and, for higher values, shifting to the other line corresponding 
to Eq. (22). A much better approximation can be had by constructing any 
reasonable ‘‘transition curve” joining the two limiting straight lines by a 
smooth curve. 

A similar method may now be used to estimate the transitional cases between 
E, and E,. I have adopted the empirical equation 

E= [E,+E,(R,/60)]/[1+ (Rs/60)] (23) 

This has the advantage that for values of R, small compared to 60, E be- 
comes nearly equal to Ey while it approaches E, when R, is large compared to 60. 

The method of applying this interpolation formula requires careful con- 
sideration. The two limiting curves, E,(K) and E,(K), were constructed 
from the data of Table I and are shown up to K = 5 in Fig. 1. It is clear from 
the nature of the airflow near the stagnation point that for intermediate values 
of S there will always be a critical value of K below which no deposition occurs, 
and these critical values will increase progressively from K = 0.125 for S = 00 
to K = 1.214 as S decreases to zero. It is reasonable, therefore, to use Eq. (23) 
to obtain these critical values that lie along the K axis in Fig. 1. However, 
for larger values of K, where the curves for E, and E, are nearly parallel, 
interpolation can be carried out along vertical lines (constant values of K). 
For intermediate cases with K less than about 2, I have used Eq. (23) to inter- 
polate along straight lines which radiate out from a point on the K axis at 
K = 25 since these lines cut across both curves approximately at right angles 
to their tangents. By this procedure, the interpolated curves in Fig. 1 were 
constructed. Each curve corresponds to a constant drop radius S. 

The values of R, to use in Eq. (23) were taken from Table II. Thus for S = 
= 250, R,/60 = 1.05 and, therefore, by Eq. (23) E is very close to the arith- 
metic mean of E,, and E,. It will be seen in Fig. 1 that the curve for S = 250 
lies half way between the curves for E, and E,. 

It is probable that these results are of reasonable accuracy and represent 
the general dependence of the collection efficiency upon the radii of the falling 
drops and of the cloud droplets. 

Table IV contains data for the collection efficiency E for drops of radius S 
falling through a cloud consisting of smaller droplets of uniform radius r. 
If we introduce into Eq. (8) the values of 9, = 1.00 and 7 = 1.71x10-‘ for 
an altitude of 2000 by Table III, we have 


K = 1297RU/S, (24) 


a 
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where r and S are expressed in cm and U in cm/sec. For any selected value 
of S the corresponding U/S is given in Table II, and by introducing this 
and r in Eq. (24) we find K. From these and S, by Fig. 1, we obtain the values 
of E given in Table IV. 


Taste IV 
The Collection Efficiency E for Drops of Radius S 
Falling Through a Cloud of Smaller Drops of Radius r 


(r and S in microns) 














dius r 
S |r=2! 3 4 1 6 8 | 10 | 15 | 20 
15 ___! .092 | .269 | .500 | .643 
25 050 | .277| .411 | .613 | .724 
40 ___} .205 | .394) .510 | .690 | .782 
70 035 | .340| .500 | .608 ; .750 | 834 
100 |__| 133 | .418 | .564) .660] .793 | .862 
150; .010 | .245 ; 498 | .631 | .713 | .829 | .887 
200 | 085 | .326 | .564| .684' .756 | .859 | .908 
300 | ss! «213 | 425 | .643 | .749 | .810] .892 | .929 
400 | .040 | .303 | .500| .698 | .793 | .849 | .919 | .950 
600 | .121 | .355| .530| .731 |} .827| .876 | .939 | .963 
1000 | .140 | .358| .535 | .738 | .834 | .886 | .944| .966 
1400 | .168 | .360 | .534| .735 | .840] .890] .950| .970 
1800 | .117 | .288 | .456| .680| .800| .865 | .935 | .965 
2400 | .075 ! .220] .372| .606 | .743 | .823 | .920 | .950 














3000 050 170 | .306 | .546 | .690 | .785 | .900 | .940 











Calculated from data of Fig. 1 and Table II by using K = 1297 ,*U/S. For values of S 
greater than 1000u, U was taken according to the experimental data to have the constant value 
of 900 cm/sec at 2000 meters altitude which corresponds to the limiting velocity of 800 cm/sec 
given by Humphreys and Lenard at sea level. 


When the cloud droplets are of small radius (below 8y) there is a critical 
size of falling drop below which, E, the efficiency of collection is zero. These 
va'ues are shown in Table V. 


TABLE V 


Critical Radtt of Falling Drops below which No 
Accretion Occurs for Various Cloud Droplet Radii r 








ace | _Sertt._| | r | Sent. 
1.5 | 600n | 5 31 
2 | 350 6 20 
3 140 7 14 
4 3B 
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The starting of rain in a cloud thus requires not only the production of 
some larger drops that can fall out, but requires that the average droplet size 
in the cloud shall be fairly large. 


The Rate of Growth of Falling Drops by Accretion 


When a spherical drop of radius S and mass (42/3)S%o,, falls with velocity 
U through a cloud containing a liquid water content w, in grams/cm®, the 
rate of increase in weight (per second) is 7S*UwE. We thus obtain 


dS|dt = wUE/Ae, (25) 


The efficiency E, as given by Table IV, varies with S and with r, the radius 
of the cloud droplets. If z is the height of the droplet above any arbitrarily 
selected horizontal plane, we also have 


dz/dt = U. (26) ° 
By division dt can be eliminated from Eqs. (25) and (26): 
dS|dz = wE/4o,. ; (27) 


In general, w is a function of z while E is a function of S. Therefore, this 
equation can be solved by integration: 


fwdz = 40, f dS/E. (28) 


If the droplet size r is constant throughout a given cloud layer, E depends 
on S only and the second integral can be obtained from the relation between 
E and S in Table IV. 

If in any layer in a cloud we can regard w as approximately constant, we 
can integrate Eq. (25). 


t = (40,/00) [ dS/EU. (29) 


To calculate the rate of growth of falling drops and its dependence on the 
water content and the cloud droplet size, we need the integrals in the second 
members of Eq. (28) and (29). There have been calculated, by Simpson’s rule, 
from the data of Table IV (with intervals closer than those shown in that table) 
and the results are recorded in Tables VI and VII. Let us represent these 
integrals by the symbols A and B defined by ; 


A=4f "aS|E (30) 


and 


B= 4f dS/EU. (31) 
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Tasre VI 


Ss 
The Integral A = 4 [ dS|E 
Ss. 











Se oe A fet 
microns |, =. 2! 3 4 6 8 | 10 | 15 | 20 
15 | 1.34 | 1.23 | 1.11 | 1.07 
25 : 1.61 | 1.32] 1.21 | 1.10} 1.06 
40 ; 1.55 | 1.30] 1.20] 1.09 | 1.05 
70 1 2.43} 1.51 | 1.28] 1.18 | 1.08 | 1.04 
100 | / 2.27) 1.48 | 1.25] 1.16 | 1.06] 1.02 
150 | 4.03 | 2.16] 1.43] 1.22] 1.13 | 1.04] 1.00 
200 | 3.46] 2.09] 1.40] 1.19] 1.10] 1.01 | 0.98 
300 3.18 | 1.98] 1.33 | 1.13} 1.05 | 0.97| 0.94 





400 | 8.68 | 3.02 | 1.89; 1.27} 1.08] 1.00} 0.92 | 0.89 

600 | 7.57 | 2.78 | 1.74] 1.16 | 0.98] 0.91 |! 0.84] 0.81 
1000 | 6.33 ; 2.33 | 1.44] 0.94 | 0.79 | 0.73 | 0.67 | 0.64 
1400 5.26 | 1.88 | 1.14] 0.72 | 0.60 | 0.55 | 0.50 | 0.48 
1800 | 4.27] 1.46] 0.86 | 0.53 | 0.43 | 0.39] 0.35 | 0.35 
2400 | 2.43 | 0.78 | 0.43 | 0.26 | 0.21 | 0.19 | 0.17 | 0.16 
3000 | 0.00 | 0.00 | 0.00 | 0.00} 0.00} 0.00 | 0.00} 0.00 




















Taare VII 


s 
The Integral B= 4 { dS/EU 
: Ss 











So 108 om 
microns},—2| 3 | 4 | 6 8 | 10 | 15 | 20 
15 10.32 | 6.95 | 5.15 | 4.59 
25 9.99 | 5.32 | 4.45 | 3.65 | 3.37 
40 5.05 | 3.86 | 3.35 | 2.88 | 2.70 
70 | 8.01] 3.48 | 2.84| 2.60) 2.31 | 2.18 
100 4.94 | 2.93 | 2.44 | 2.25 | 2.03 | 1.93 
150 9.58 | 3.78 | 2.46 | 2.09 | 1.93 | 1.77 | 1.69 
200 5.84 | 3.28 | 2.20] 1.88 | 1.74] 1.60 | 1.55 
300 445 | 2.77 | 1.88 | 1.61 | 1.50 | 1.38 | 1.34 


400 | 11.73 | 3.94 | 2.48 | 1.68 | 1.44 | 1.33 | 1.23 | 1.20 

600 | 9.13 | 3.36 | 2.11 | 1.41} 1.20] 1.12 | 1.03 | 1.00 
1000 | 7.11 | 2.62 | 1.62 | 1.06 | 0.89 | 0.82 | 0.75 | 0.73 
1400 | 5.85} 2.10 | 1.27 | 0.80 | 0.66 | 0.61 | 0.55 | 0.53 
1800 | 4.74] 1.63 | 0.96 | 0.59 | 0.48 | 0.44 0.39 | 0.39 
2400 | 2.70] 0.87} 0.49 | 0.29} 0.23 | 0.21 | 0.19 | 0.18 
3000 | 0.00} 0.00 | 0.00 | 0.00 | 0.00} 0.00 | 0.00 | 0.00 




















The integration in Tables VI and VII have been carried out between a 
variable lower limit Sy and a fixed upper limit S, = 30004. Above S = 13004 
the values of U calculated from the drag coefficient C, for spheres (Table II) 
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are greater than 900 cm/sec, which is probably the maximum fall velocity at 
an altitude of 2000 m. Assuming the drop, for greater values of S, is an oblate 
spheroid and considering the effect of the deformation on the weight and 
on Cp, I have estimated that the ratio of the vertical (minor) axis to the horiz- 
ontal (major) axis is about 0.78 for S,., = 1800; 0.67 for S,,,, = 2400p; 
and 0.58 for S,,., = 3000u. Lenard (Meteorolog. Zeit. (1904), 249-262) 
finds that drops break up at average diameters of 5.0 mm, this being calculated 
from the weight of the drop by assuming it to be spherical. 

For an oblate spheroid like the one I calculated for a drop of S,,,= 3000p, 
the effective radius as used by Lenard would be 3000 x (0.58)"* = 2500u, 
which corresponds to a diameter of 5.0 mm. The value S = 3000 in the 
first columns of Tables VI and VII represents S,,,, for a drop of effective 
diameter 5.0 mm. 

In carrying out the calculations for A and B for values of S larger than 
1300, Eqs. (28) to (31) were modified by multiplying the second members 
by A, the ratio of the minor to major axis. This is equivalent to assuming a 
spherical droplet of density 4g, instead of g,. In this way, the effect of the 
deformation can be taken into account. 

The integral in the first member of Eq. (28) is the total liquid water in the 
cloud in the layer covered by the integration, expressed in grams/cm’, or 
since g, = 1, it is also the depth of the theoretically available precipitation 
measured in cm. If we represent this precipitable water by w we have, using 
Eq. (30), 

o=wdz=A. (32) 

From Eqs. (29) and (31) we get 
t= Blu, (33) 
where w must be regarded as a mean value of w in the layer being considered. 

Let us illustrate the use of these equations and tables by calculating the 
time required and the distance traversed by a drop (initial radius 40) before 
it has grown to a radius of 1000, by falling through a cloud in which the 
droplets are of 84 radius and the liquid water content is 1 g/m* or w = 10-* 
g/cm*. From Tables VI and VII, we find A = 1.30 cm and B = 0.00386 sec. 
Eqs. (32) and (33) then give » = 1.30 cm and t = 3860 sec. 

A cloud layer 1000 meters thick with a liquid water content of 1 g/m’, 
(w = 10-*), will give a rainfall contribution # = 0.1 cm. Thus the 40 drop 
would have to fall 13,000 m through such a cloud before it could grow to 3000. 
We see then that the tabulated figures in Table VI multiplied by 10‘ represent 
the distances in meters that drops must fall to grow to 3000u radius. 

The required distance of fall varies, of course, inversely in proportion 
to the water content w. 

The time required for this growth, 3860 sec or 64 minutes, also varies 
inversely as w. The time in seconds required for a droplet to grow from one 
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size to another in a cloud containing 1 g/m? is 1000 times the difference between 
the corresponding tabulated values in Table VII. Thus in the cloud that we 
are considering (r = 84), a droplet would take 5000 sec or 1.39 hours to grow 
from 15. to 254; 0.40 hours more to grow to 404, and 2970 sec or 0.82 
hours to grow from 40. to 1000h. 

This rapid acceleration in the growth is due to the increase in each of the 
three factors: velocity of fall, radius, and collection efficiency. These factors 
were also taken into account in the early work which led to Eq. (2). Inserting 
the values of 7 and g this becomes 

t = 3.1x10-*/EwS,, (34) 


which is to be compared to Eq. (33). 

For the example we have chosen with S = 40u and w = 10-*, we obtain 
t = 780/E sec, and, if we take the average efficiency, Table IV, to be about 
0.5, this gives t = 1560 sec, which is about 40 per cent of the value that we 
calculated from Table VI. The reason for the low values of ¢ given by Eqs. 
(2) and (34) is that the derivation was based on Stokes’ Law which gives 
resisting forces lower than those actually encountered by falling rain drops. 

It is evident from Eq. (32) and the data of Table VI that in clouds in which 
there is no vertical motion, rain drops can grow to a size large enough to 
cause break up only if the clouds have sufficient thickness and liquid water 
concentration to give a total water content of about w = 1.0 cm. Only very 
large cloud masses, 12,000 or more feet in thickness, could meet these require- 
ments and in such large clouds vertical motions always do occur. 

In connection with the derivation of Eq. (2) in 1944, I had made some cal- 
culations of the effect of rising currents of air within clouds and had concluded 
that the growth of rain drops would be greatly favored by such motion. However, 
at that time I did not develop the quantitative theory very far, largely because I 
had no adequate knowledge of the collection efficiency E. 


Hawaiian Experiments in Dry-ice Seeding of Clouds above 0°C 


On November 1, 1947, shortly after I had calculated the values of E, 
and E, given in Table I, Lt. Comdr. Daniel F. Rex, Chairman of the Operations 
Group of Project Cirrus, showed me a letter he had received from his 
friend, Maurice H. Halstead, which enclosed a preliminary report prepared 
by Luna B. Leopold of the Pineapple Research Institute and the Hawaiian 
Sugar Planters Experimental Station and by Maurice H. Halstead of the 
U.S. Weather Bureau describing dry-ice seeding experiments made during 
September and October. 

These experiments were undertaken although it was known that, in Hawaii, 
only well developed clouds reach high enough to penetrate the freezing level 
and such clouds almost invariably produce heavy rain without artificial in- 
ducement. 
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The most interesting flight was that made on September 23, 1947, over 
the island of Molokai which lies about 40 miles ESE of Honolulu. This island 
is roughly rectangular in shape with its long axis oriented almost east-west. 
It has a length of 36 miles and a width of 6-8 miles. The mountains co- 
vering the eastern half of the island reach to nearly 4000 feet, and they are 
generally covered on the north by a solid bank of stationary orographic 
clouds because of the northeasterly trade winds that prevail. 

The tests that will be described were made over a region near the center 
of the western half of the island. This half is much lower ard has only one 
range of hills, the Maunaloa Hills, which reach a maximum height of about 
1300 feet, and thus there are only occasional, scattered orographic clouds 
which form along the west end of the coastal cliff that characterizes much of 
the north shore. 

A sea breeze usually develops each day along the southern shore of western 
Molokai and this southerly wind meets the northeasterly trade winds over 
the center of the island. The leading edge of this sea breeze front often 
gives rise to a line of cumulus clouds over the Maunaloa Hills and even over 
the sea just north of the north shore. These clouds normally give little or no 
rain so the cultivated lands of western Molokai are considerably drier than 
those of the other Hawaiian Islands. In fact, ‘‘convective showers are extremely 
rare” over this relatively dry western part of Molokai. 

Before any flights were made, a list was drawn up of the conditions that 
were considered favorable for the production of rain. 

1. Temperature inversions, which might limit cloud growth, should be 
absent or be abnormally high. 

2. Large moisture content should extend to abnormal heights. 

3. The trade wind should be relatively weak so as to allow maximum surface 
heating by the sun on the southern half of the island, giving considerable 
convective activity and sea breeze flow over the island. 

4. The lapse rate should be steep. 

For the proposed flight tests, it was arranged to have an observer in the 
plane and two or more observers stationed on prominent hills to take notes 
and draw sketch maps of cloud distribution, rain sequences, etc. 

Since a short range forecast indicated favorable conditions, the first flight 
was made on September 23, 1947. Radio sonde data were taken at Honolulu 
Airport, 60 miles away at 500 (ie., 5 a.m.) and at 1700 (5 p.m.). The 
two temperature-pressure curves were nearly alike. The afternoon curve 
showed that up to 3000 m the lapse rate was nearly constant at 0.60°C per 
100 m whereas under these temperature conditions, the wet adiabatic rate 
would be 0.43°/sec 100 m. The freezing level was at about 15,000 feet and at 
5000 feet and 10,000 feet, the winds were only 5 mi/hr with direction from 210°. 

At 830 there were three clouds in a row (NNE— SSW) near western 
Molokai. They had bases at about 2500 feet and the two larger clouds 
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reached to about 7000 feet. The northernmost cloud extended from the coast 
to a point about 5 miles north of the north coast. The second cloud was 
over the hills forming the central ridge. These clouds were 10 miles or more 
from the nearest of the orographic clouds over the eastern half of the island. 

By 1030 the two larger clouds had joined to form a single roughly circular 
cloud about 8-10 miles in diameter having a center over the sea about 2-3 
miles north of the coast. A flight over the cloud at this time showed that 
there were two main towering masses of cumulus: The higher tower, denoted 
by X, was over a part about 3 miles north of the coast while the second 
one called Y was only slightly lower and was about 4 miles to the SW, directly 
over the coast line. 

The X-peak was seeded with 50 pounds of crushed dry ice just over 
the top at 8700 feet starting at 1037 and ending at 1042. Almost immediately 
afterward (at 1045) the Y-peak was similarly seeded. Ground observers 
reported seeing rain start at 1046, only 9 minutes after the start of the 
seeding at a point directly under X, the portion of the cloud which was first 
seeded. This rain continued. Under the Y-peak observers reported seeing 
virga from the cloud about 15 minutes after seeding Y, but no rain reaching 
the ground under Y was recorded at that time. About one hour later, at 1145, 
rain from X had continued steadily and rain was falling over an area of about 2 
square miles which had moved roughly 2 miles south from its original position 
at X. At this time, it was reported that steady rain was also falling from another 
area of roughly 2 square miles in the position corresponding to the seeding 
done at Y. This rain area under Y then spread quickly and coalesced with 
that under X covering most of the Maunaloa Hills. This large single rain 
cloud moved slowly southward and the rain area also extended to the west. 
This rain was estimated to have fallen over an area of 35 square miles in 
the western part of Molokai. 

During the day, several other clouds of size comparable to those seeded 
could be seen from the plane, but none of these produced precipitation within 
several hours after rain had started from the seeded cloud. 

In a second flight, it was noted at 1215 that the two cloud peaks had nearly 
coalesced and that they had built up to 15,700 feet, a rise of 7000 feet in 
95 minutes. From an altitude of 14,000 feet, another seeding was done with 
100 pounds of dry ice. During the next 35 minutes a rainfall of 0.80 inches 
was recorded at the triangulation station, a point almost directly below the 
seeded cloud top. The total rainfall at this station mounted to 1.25 inches. 

During the afternoon, the cloud built up to an estimated 25,000 feet, drifted 
slowly (2 mi/hr) to the south giving copious rain over the ocean between 
Molokai and Lanai (another island, 40 miles south of point X) and it rained 
over a part of Lanai during the night. 

The preliminary report of Leopold and Halstead gives a brief summary 
of other seeding experiments from September 24 to October 11. In 7 out 
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of a total of 10 cases in which clouds over 3000 feet in thickness were seeded, 
rain was observed to fall within periods of time ranging from 9 to 30 minutes, 
the average being 16 minutes. However, outside of the tests of September 
23, which we have already considered, only in one case (October 11) did 
more than a trace of rain reach the ground. On that date light rain which 
began 10 minutes after seeding covered an area of about 18 square miles 
and gave a recorded maximum of 0.10 inch. The cloud base was at 3600 feet 
and the top at 7600 feet. The lapse rate, 0.68°C per 100 m at Honolulu, 
was rather high from the ground up to 6000 feet, but there was a temperature 
inversion between 6000 and 7500 feet. The freezing level was at about 16,000 
feet. 

On September 30 a small, nearly circular cloud about 3/4 mile in diameter 
and 2200 feet thickness was seeded by making several runs through the cloud 
dropping a total of 125 pounds of dry ice. It was observed that the cloud 
top rapidly lowered and within 7 minutes from the initial seeding, the cloud 
totally disappeared. Observers on the ground reported seeing no virga or rain 
from it. 

In every test during September and October, the flight over the cloud 
produced an initial depression or diminution of height of about 300 feet within 
the first 3-4 minutes after seeding. With the thick clouds which gave persisting 
rain, the initial drop in height was quickly reversed and rapid building up 
occurred. 

The depressing effect of a flight over a cloud may in part, at least, have 
been due to the downward momentum delivered by the weight of the plane 
weighing 6 tons flying for 5 minutes within a cloud which in the September 
30 tests, would deliver to the air a downward momentum of 1.5 x10" c.g.s. 
units. A cloud 1 km in diameter and 500 meters thick contains 4x 10% grams 
of air, so that the whole should be given an average downward velocity of 
4 cm/sec by the weight of the plane. Of course, the regions actually traversed 
by the plane would receive considerably greater velocities.’ 

Each gram of dry ice introduced into a cloud increases the apparent weight 
of the cloud by 0.34 g because of the increased weight of the CO, as compared 
to the air which it displaces. Besides that, there is an increase in density of 
the cloud due to the cooling effect of the dry ice. This gives an apparent 
increase in weight of 2.46 grams —a total of 2.8 grams for each gram of 
dry ice. Thus the 125 pounds of dry ice caused an effective increase in weight 
of 350 pounds, giving in each second a downward momentum of 1.5 x 108; 
in 5 minutes, the total momentum due to this cause would be 4.5 x 10°, only 
about 1/30 of that given by the plane. The direct effect of the CO, on the 
motion of the cloud thus seems unimportant. 


7 Airplane Tracks in the Surface of Stratus Clouds. I. Langmuir and Alexander Forbes. 
J. Aeron. Sciences 3, 385, (1936). 
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Rain Produced by a Chain Reaction 


‘The experiments described in the preliminary report of Leopold and 
Halstead (hereafter called L-H) appear to have been conducted with very 
great care, and the results were recorded with accuracy. The conclusions 
that I wish to draw from these experiments are as follows: 

1. The proof is excellent that heavy rain was produced by the dry ice 
seeding runs of September 23. 

2. The rain was produced very quickly — within 9 minutes. 

3. The rain persisted but spread through the large cloud very slowly 
although the cloud increased greatly in height. 

4. The third seeding at 1212, 95 minutes after the first seeding, produced 
a very great and sudden increase in the rain intensity and in the cloud height 
and caused the rain area to spread to about 20 square miles. 

5. At the time of the first and second seeding, 1037 and 1045, the lowest 
temperature within the cloud was about +10°C. According to the Honolulu 
radio sonde data, the temperature at the height of the cloud top (15,700 feet) 
at the time of the third seeding (1212) was about —2°C, but at the seeding 
height (14,000 feet), it was +1°C. However, we have found that the interior 
of the upper parts of large cumulus clouds is usually a few degrees colder 
than the surrounding air, so it is probable that the third seeding was done in 
a supercooled cloud. 

It is of interest to compare these results of the L-H flights with our 
own experiences in connection with the dry ice seeding of large cumulus 
Clouds in Project Cirrus.® 

Laboratory experiments, airplane tests, and physical theory have proved 
that dry ice introduced into clouds of supercooled water droplets (temperature 
below 0°C) gives almost instantaneously numbers of minute ice crystals of 
the order of 10" per gram of dry ice. These nuclei grow rapidly, in accord 
with the Bergeron theory, into snowflakes. During July and August experiments 
were made, in Project Cirrus, seeding high cumulus clouds whose tops 
reached far above the freezing level which range from 16,000 to 18,000 feet 
altitude. A comparison of the five conslusions of the L-H report listed above 
gives: 

1. In Project Cirrus (hereafter called P-C) dry ice always produced 
remarked effects, turning the whole of the supercooled part of the cumulus 
cloud into ice crystals. The L-H data, however, showed much more variable 


* A summary of the work done in Project Cirrus up to June 1, 1947, is contained in a rc- 
port now on sale by the Office of Technical Services. Mimeographed copies of the report 
(PB-81842, First Quarterly Progress Report, Meteorological Research) sell for $1.25. Orders should 
be addressed to the Office of Technical Services, Department of Commerce, Washington 25, 
D. C., and should be accompanied by check or money order, payable to the Treasurer of the 
United States. 
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results. In the September 23 tests, spectacular results were obtained, but 
on other dates, usually only traces of rain fell or sometimes no rain at all. 

2. The results with the L-H and the P-C tests were alike in that rain, if 
it was produced at all, fell within 10 to 30 minutes. 

3. With the L-H tests, the effect of the first and second seedings spread 
very slowly whereas in the P-C tests, the effect of the seeding continued to 
spread rapidly throughout the whole cloud giving the maximum effect within 
10 to 15 minutes. 

4. The effects of the third L-H seeding on September 23 were very much 
like those that were normally produced in the P-C project from dry ice seeding. 

5. The reason for this similarity is probably that in the L-H experiments 
at the time of the third seeding, the cloud had reached the freezing level so 
that the ice nuclei played their customary role. 

The mechanism involved in the production of rain by the first and second 
seedings of the September 23 flights must evidently be very different from 
those involved in the P-C experiments with supercooled clouds. 

In analyzing these data, it occurred to me that the rain production in the 
above-freezing clouds in the L-H experiments was not caused by the cooling 
effect of the dry ice, but by the water droplets introduced in the upper part 
of the cloud by the melting of the thin coating of ice which normally collects 
on crushed dry-ice fragments due to condensation of moisture of the air. A plane 
flying through the top of a cloud may also introduce water droplets by the 
‘‘run-off”’ of water drops from the trailing edge of wings, this water having 
been collected from the cloud droplets by the motion of the plane through 
the cloud. 

The drops of water formed in either of these ways would be much larger 
than the ordinary cloud droplets, and they would fall through the cloud in 
accord with the accretion theory already considered. These drops, under 
favorable conditions, would grow to such size that they break up into two 
or more large drops and produce also a relatively large number of small droplets 
which, however, would be larger than the cloud droplets. Each of these new 
drops or droplets might again grow to such size that they in turn can break. 
In the case of a thick cloud with large water content, this process might repeat 
itself many times, with the result that an amount of rain might be produced 
which would be very much greater than the amount of water introduced. 
In each stage of such a process, the number of droplets might increase perhaps 
by a factor of 10, so that if the cloud were thick enough to give three such 
stages, there would be an amplification factor of 10°. 

It is evident that even with such a large amplification factor, it would not 
be possible to account for the formation of amounts of rain comparable with 
those observed from the first and second seedings of the September 23 
L-H flights, where about 0.1 inch of rain was produced within the first hour 
over an area of perhaps 3 square miles. Such an amount of rain would 
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correspond to about 2x 2!° grams or 20,000 tons while water introduced by 
the dry ice would perhaps be at the most a few kilograms, so that we would 
need an amplification factor of the order of 10’. 

The indications are, however, that the first two seedings of the L-H flights 
produced a gradually increasing rainfall. This suggests that a true chain reaction 
was set up. This would be a process in which each rain drop leads to the pro- 
duction of at least one other rain drop under conditions such that the new rain 
drop has the same chance of producing another rain drop as the original one did. 

A. Chain reaction in snow formation. In early studies of the effects to 
be expected from Schaefer’s dry ice seeding technique, we came to a realiza- 
tion that in natural snow storms, there must be a mechanism by which enor- 
mous numbers of small ice crystals are generated so as to produce a continuous 
supply of effective nuclei. This is obvious when one considers that preceding 
these snow storms, the air normally contains relatively few nuclei compared 
with those needed to maintain a snow storm. 

The main cause of the generation of the ice crystals is the fragmentation 
of snowflakes produced by contact between snowflakes which accumulate in 
the upper portions of the cloud. In lower parts of the cloud, vertically rising 
currents may prevent the newly formed snowflakes from falling. In this way, 
even when there are relatively few nuclei in the air, the concentration of 
snowflakes can build up to such a high value that snowflakes coalesce into 
larger aggregates and these in turn, break apart again producing many small 
fragments. Another effect is suggested by some observations made by Mr. 
Schaefer on the growth of ice crystals in the presence of strong electric fields. 
In such a field, there is a tendency for ice crystals to form long fibers in the 
direction of the field. This is perhaps due to the dipole attraction between 
the ice fibers and the supercooled water droplets near them in the presence 
of the field. With sufficiently large fields, these fibers grow to such size that 
they are broken apart by the field and thus produce enormous numbers 
of small fragments. The evidence thus far obtained suggests that in this way, 
starting with a relatively small number of ice nuclei, an electric field may 
lead to a great increase in the number of ice nuclei. Schaefer has observed, 
in fact, that in natural snow storms very strong electric fields can be observed 
on the ground, usually stronger than those observed even during summer 
thunderstorms. 

As soon as there is a mechanism within the cloud by which each naturally 
occurring ice nucleus in the air produces on the average two or more other 
nuclei and these in turn multiply to produce two or more, we have the con- 
ditions required for the production of a chain reaction by which a self-propagating 
snow storm can be formed which requires no further influx of the naturally 
occurring ice nuclei. In analyzing the possibility of such a chain reaction, 
I was impressed by the important role that the vertically rising air currents 
would play. 
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B. Chain reaction for rain formation requires vertically rising air currents. 
Let us therefore consider the modifications in the theory which we developed 
in our derivations Eq. (25) to Eq. (33) which would be necessary if the air 
within the cloud is rising with a velocity V. 

In place of Eq. (26) we then have 


dz/dt = V—U. (35) 


If, by division, we eliminate dt between this equation and Eq. (27) we 
obtain : 


J wdz = 49,[v f dS/EU— f dS/E). (36) 
Combining this with Eqs. (30), (31), and (32) we have in place of Eq. (32), 
w = A—VB. (37) 


By this equation, we can calculate the growth of drops in a cloud of uniform 
water droplets which is rising with a steady velocity V. 

Let us now consider what the rising velocity must be in order that a chain 
reaction may occur. At present, for simplicity, let us assume that in the break 
up of a large drop, small droplets of radius S, are formed. In order that these 
shall be carried upward by the rising air V must be greater than U,. The 
rising drops, however, grow in size by accretion and as they grow their velocity 
of fall, U, increases until finally at some height z,, the fall velovity equals the 
velocity of the rising air. At this point, the particle has reached its maximum 
height and then begins to fall. Let us denote by Sy the radius of the 
droplet at the time t, at which it has reached its maximum height zy. The 
particle continues to grow and z decreases until finally at some time t, the droplet 
has reached a radius S, at which it breaks up to form one or more droplets 
of radius S,, the size of the original droplets. 

If the height z, is lower than 29, the original height at which the first droplet 
was produced, then in repetitions of this process the new droplets will be 
formed at continually lower heights until finally the process terminates when 
the drop reaches the bottom of the cloud. This apparently does not constitute 
a chain reaction which can cause persisting rain. 

Ii order that a real chain reaction may occur, it is thus necessary that 
the final height z, shall be at least as great as 2, the initial height. The 
conditions under which the chain reaction can first occur are, thus, as in the 
case of other chain reactions, extremely critical. This critical velocity V, 
can be calculated by putting » =0 in Eq. (37). To understand this, we 
must consider that w is obtained by integrating w over an interval at height 
2. We can assume that w is a function of z only so that if z, = 2), the contri- 
bution to @ due to the up motion of the drop from 2 to 2, is positive, 
while the integral covering the range from 2, to z, has a negative value 
that exactly balances the positive increment. It is for this reason, therefore, 
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in the special case that z, = %, we can put w = 0. Introducing this con- 
dition into Eq. (37) we thus obtain 
V,= A/B : (38) 
The values of A and B are given in Tables VI and VII. By means of Eq. 
(38) we can thus obtain the velocity V for the different sizes of cloud particles 
and drop sizes S as given in Table VIII. It should be noted that the values 
of A and B that go into this equation are those that correspond to the two 
integration limits S, and S, where in the derivation of Tables VI and VII, 


S, was taken to be 30004. The critical velocity V, given in Table VIII 
is, therefore, the velocity that corresponds to S, as given in Column 1. 


Tasie VIII 
The Critical Updraft Velocity V, Needed for a Chain Reaction 



































Ss V.-(in cm/sec) 

micron |,_2| 3 4 6 8 1o | 15 | 20 
15 130 | 177 | 216 | 234 
25 161 | 248 | 272 | 302 | 314 
40 308 | 338 | 358 | 379 | 389 
70 304 | 433 | 448 | 455 | 418 | 477 
100 4 460 | 505 | Sis | sis | 523 | 529 
150 422 | 572 | 581 | 584 | 585 | 587 | 591 
200 593 | 637 | 637 | 632 | 632 | 630 | 632 
300 |_| 715 | 762 | 707 | 703 | 700 | 705 | 702 
400 | 740 | 768 | 825 | 755 | 750 | 750 | 750 | 741 
600 | 819 | 828 | 890 | 824 | 815 | 810 | 815 | 810 
1000 | 890 | 890 | 900 | 885 ; 890 | 890 | 880 | 875 
1400 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 








Table IX contains the droplet radius S, at the time when the droplet 
reaches its greatest altitude. These data are obtained by taking values of V, 
from Table VIII, and finding from the data of Table II the value of S that 
corresponds to U = V,, for this is the condition according to Eq. (35) that 
the altitude of the droplet shall be a maximum. 

Table X contains the value of w, which represents the water content 
of the cloud that lies between the horizontal plane at z = 2, and at the plane 
2 = 3y. This gives the thickness of the layer in which the chain reaction 
takes place. The value of w, is obtained by 


oy = Ay—V,By, (39) 


where A, and B, are the values of the integrals in Tables VI and VII for 
values of S corresponding to.Sy. By comparing the values of w,, with those 
ef A,, which according to Eq. (32) should be equal to w,, we see that 
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Tasie IX 


The Droplet Radius Sy at the Time ty at which the 
_ Droplet Reaches its Greatest Altitude zy 





Ss Sw (microns) ' 
micron! ,_2| 3 4 | 6 | 8 io ; 15 | 20 











15 158 | 210 | 252 | 272 
25 192 | 287 | 311 | 346 | 360 
40 | __| 354 | 389 | 412 | 436 | 449 
70 349 | 508 | 526 | 538 | 485 | 565 
100 542 ; 600 | 617 | 617 | 627 | 637 
150 490 | 703 | 720 | 723 | 725 | 728 | 735 
200 738 | 805 | 810 | 802 | 802 | 800 | 802 
300 937 | 1035 | 925 | 917 | 912 | 917 | 915 


400 | 1000 | 1042 | 1137 | 1023. | 998 | 998 | 998 | 983 
600 | 1125 | 1145 | 1350 | 1135 | 1120 | 1110 | 1120 | 1110 
1000; 1350 | 1350 | 1400 | 1325 | 1350 | 1350 | 1290 | 1260 
1400 | 1400 | 1400 | 1400 | 1400 | 1400 | 1400 | 1400 | 1400 


























the amount of water needed in the cloud to maintain the chain reaction is 
very much less than that which would be required for the growth of droplets 
to large size in a cloud in which there is no updraft. Table XI illustrates 
this effect for a cloud consisting of droplets of 10 microns radius. The values 
of V, are taken from Table VIII, w, from Table VI, and wy from Table X. 
The last column contains the ratio w/w . If, for example, there is an updraft 


TaBLe X 


The Total Liquid Water Content w,, that Must Lie within 
the Cloud Layer between 2, and 2,, within which the 
Drops Grow and Break up 


s @y(cm of water) 
micron|,;=2| 3 | 4 | 6 | 8 | 10 | 15 | 20 
| 




















15 0.95 | 0.79 | — _ 
25 1.04 | 0.74 | 0.64 | 0.56 | — 
40 | 0.75 | 0.60 | 0.53 | 0.46 | 0.43 
70 1.15 | 0.55 | 0.45 | 0.40 | 0.36 | 0.33 
100 0.77 | 0.45 | 0.37 | 0.33 | 0.30 | 0.28 
150 | 1.34 | 0.54 | 0.35 | 0.29] 0.25 | 0.24 | 0.23 
200 0.80 | 0.42 | 0.28 | 0.24 | 0.21 | 0.20 | 0.28 
300 0.47 | 0.25 | 0.20 | 0.18 | 0.14 | 0.16 | 0.13 


400 1.09 | 0.28 | 0.15 | 0.14] 0.13 | 0.11 | 0.11 | 0.10 
600 | 0.41 | 0.18 | 0.08 | 0.08 | 0.08 | 0.07 | 0.07 | 0.06 
1000 | 0.06 | 0.04 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 
1400 0 0 0 0 0 0 0 0 
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Taste XI 


The Effect of an Updraft of Velocity V, in Decreasing 
the Cloud Water Content Required for the Growth of 
Drops to Large Size 


(For the example shown r = 10 microns) 











Ss, | Vv. on | ou Ratio 
microns | cm/sec For V=0 | ForV=V, Oy /W 
25 272 1.21 cm 0.64 cm 0.53 
40 358 1.20 0.53 0.44 
100 | 515 1.16 0.33 0.28 

a 


632 1.10 0.21 0.19 





of 5.15 meters per second and the breaking drops give one or more smaller 
droplets of about 100 microns radius, then it is seen that the liquid water 
content of the layer in which the chain reaction takes place only needs to be 
0.33 cm and this is only 28 per cent of that which would be needed to allow 
large drops to grow in a cloud without updraft. 

The time ¢ required for the growth of droplets depends primarily on the 
liquid water content w and, therefore, can always be calculated by Eq. (33). 
This can be used not only to get the total time that the particles grow from 
a radius S, to the break up point S,, but can be used to calculate the time 
for the droplet to grow to any other size. 


Applications of the Theory to the Leopold-Halstead Data 


From the data of the L-H preliminary report, it is possible to form an 
estimate of the conditions within the cloud which was seeded on September 
_ 23, 1947. Table XII contains results of calculations from these data. The 
cloud base was at 2500 feet and the cloud top at 8700 feet. The fourth column 
contains the average of the temperatures given by the radio sonde at Honolulu 
at 500 and 1700. The temperatures in the third column have been calculated 
on the basis that the ground temperature was 28°C and that from there 
to the cloud base, the temperature decreased according to the dry adiabatic 
lapse rate of 3.0°C per 1000 feet. Above that, the temperature was assumed 
to vary according to the saturated adiabatic as calculated from data given in 
Brunt’s book. The pressures were calculated taking into account the tem- 
peratures in the third column assuming the pressure on the ground to be 
1000 mb. The mixing ratio x in the sixth column expressed in kg/m* was 
calculated from the saturated vapor pressures according to the equation given 
at the bottom of the Table. The seventh column contains the mixing ratio 
for liquid water; at any altitude x+y retains the value that it had at 2500 
feet. Multiplying y by the density of the air, we obtain the liquid water content 
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as given in the eighth column. Finally, by integrating this in accord with Eq. 
(32), we obtain the total liquid water from the cloud base up to a given 
height. The last column contains my estimate of the radius of the droplets. 
This calculation assumed that within the first 150 meters of rise above the 
cloud base, the droplets grew in accord with the data obtained in the Mt. 
Washington observations assuming the air was rising 6 m/sec. It was cal- 
culated that at this height the number of droplets was 148 cm’’. At higher 
altitudes, this concentration was assumed to remain constant, the moisture 
released by the expansion being used to increase the size of the droplets. 
From various considerations which will be published elsewhere, I believe 
that this gives a more reliable result for cumulus clouds than would be 
obtained by direct application of Eq. (2) for the whole range of altitudes. 


Taste XII 


Calculations of Conditions for the Cloud Seeded in L-H Experiments of 
September 23, 1947 





Altitude 
































T Radio 

z emp. | sonde Pressure x y w o 7 

a eer —| % mb kg/m® | kg/m*| g/m? | cm microns 

ft m ave 
0 0 28.0 | 1000 | 24.44 

2500 762 20.5 21 916 16.90 0 0 0 0 
3000 914 19.9 20 900 16.50 | 0.40 | 0.43 | 0.003 8.9 
4000 1219 18.7 18 868 15.87 | 1.03 | 1.07 | 0.026 12.0 
5000 1524 17.5 16 838 15.23 | 1.67 | 1.68 | 0.068 13.9 
6000 1829 16.3 14 808 14.59 | 2.31 | 2.24 | 0.128 15.4 
7000 2134 15.1 13 780 13.93 | 2.95 | 2.78 | 0.204 16.5 
8000 2438 13.8 11 752 13.30 | 3.60 | 3.29 | 0.297 17.4 
8700 2652 12.9 10 733 12.88 | 4.02 | 3.59 | 0.371 18.0 








x = 0.622 e/(p—e); w= y 





A comparison of the values of x at the cloud base and on the ground 
level gives for the relative humidity on the ground 67 per cent. 

In many cumulus clouds, especially those whose altitude is large compared 
to their horizontal dimensions, large amounts of relatively dry air may be 
drawn in laterally and mixed with the air in the cloud. Thus w may increase 
less rapidly than is given by a calculation base on the saturated adiabatic 
curve. However, the cloud that we are now considering had a vertical height 
of about one mile and was about ten miles in diameter. It seems, therefore, 
that no appreciable amount of air could have been drawn laterally into the 
center of the cloud, but in this cloud, near the center, the air had all risen 
through the cloud base. In this case, the wet adiabatic curve must apply and 
the liquid water content can be confidently taken to be that calculated. 
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We see that the total water content w = 0.37 cm corresponds by Table X, 
for an effective droplet radius r = 15, to an initial falling drop radius of 
Sy = 674. This means that no droplets less than this diameter can take 
part in a chain reaction. By Table VIII we see that the critical velocity V, 
must have been at least 414 cm/sec and, with an average value of w = 1.68 
g/m’, the time for the growth of the droplets from 674 to 30004 would amount 
to 1400 seconds. This is much longer than the time at which visible rain 
was observed to fall from the cloud. 

The data of Tables VIII, IX, and X indicate, however, that there is a wide 
range of conditions under which chain reactions can occur in such a cloud. 
Thus it is possible that S, can have any value greater than 674. The data 
of Table XIII have been calculated on this basis. The values of V, are taken 


Taste XIII 


The Thickness of the Layer, the Vertical Velocities, and the Time 
Required for Chain Reaction in the L-H Cloud 























(r= 154) 

So Ve wy | Ax | t 
microns | cm/sec cm m g/m? sec 
70 418 0.36 | 1620 1.72 | 1340 
100 523 0.30 | 1130 | 2.64 | 770 
150 587 0.24 | 790 | 2.93 | 605 
200 630 0.20 | 610 3.09 | 520 
300 705 0.16 | 490 | 3.22} 430 
400 750 0.11 | 335 3.37 | 365 
600 815 0.07 | 214 | 3.45 | 300 
1000 880 0.00 61 3.54 | 210 





from Table VIII and w, from Table X. By plotting w and w against altitude 
and comparing with values of w,,, it is possible to calculate Az, these distances 
being measured from the top of the cloud down to the height corresponding 
to 2. It is, of course, possible when Az is small enough that chain reactions 
may simultaneously occur at several levels within the cloud, but the one which 
takes place most rapidly is that which occurs at the highest altitude, and 
i: is this condition that has been considered in the derivation of Table XIII. 
The fifth column contains the average value of w within the layer involved 
in the chain reaction. The last column contains the time calculated by Eq. 
(33) using values of B obtained from Table VII. 

The interpretation of these data should be made with due regard to the 
observations of Lenard who considered the sizes of the fragments produced 
when water drops break up in rising currents of air. He found that rain 
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drops of 5.4 millimeters diameter broke up in a rising air current of 8 m/sec 
in many different ways: Four per cent broke into 2 or 3 nearly equal parts, 
twenty-five per cent into very fine dust-like droplets, sixty-four per cent gave 
one large drop and a number of small drops. The fragments ranged in size 
rather uniformly from 1.5 to 3.5 mm in diameter, but there were relatively 
large numbers of much smaller droplets very much less than one millimeter 
in diameter. 

We see from Table XIII that the observed rapid development of rain 
which was observed below the cloud within 9 minutes — 540 seconds — 
would indicate, according to the Table, that the drops effective in starting 
the chain reaction have radii greater than 2004, and the vertical velocities 
within the cloud must have exceeded 630 cm/sec. However, these velocities 
need occur only within a layer a few hundred meters thick in the upper portion 
of the cloud. The fact that the terminal velocity of falling drops reaches a limiting 
velue of about 900 cm/sec, even when the droplets are still only about 1400. 
in radius, makes it possible for the chain reaction to start and produce large 
drops even with relatively low values of liquid water content. This fact un- 
doubtedly accounts for the occurrence of large water droplets in relatively 
small turbulent clouds under tropical conditions, or in the cloud that I observed 
in May, 1944. 

From the foregoing analysis, it becomes clear that the conditions necessary 
to set up chain reactions in such clouds as those studied by L-H are very 
critical. If the vertical velocities, the liquid water content w, or the cloud 
droplet sizes 7, are not sufficiently large, no chain reaction will occur even 
though there may be a multiplication of any water introduced into a cloud 
sufficient in some cases to produce transient virga. 

The final report of L-H which was sent me about December 1 contains 
also records of experiments made during November. Out of a total of about 
45 seeded clouds, 11 gave rain which reached the ground between 8 and 12 
minutes after seeding. A few others gave merely virga. There were three cases 
where relatively heavy precipitation was obtained covering large areas. In 
general, the best results were obtained from the largest and most actively 
growing clouds. 

The results, therefore, tend to support our conclusion that the chain 
reaction involved in rain production can develop only when there are high 
vertical velocities and the clouds have a high liquid water content. 

Calculations have also been made for the type of cloud referred to in the 
statement by Holzman and Crowson in regard to tropical clouds in Bikini. 
Such clouds should contain a liquid water content corresponding to w = 0.2 
to 0.3 cm which would require vertical velocities of 6 m/sec or more to give 
a chain reaction. 

In large, summer cumulus clouds, such as those seeded during July and 
August by Project Cirrus, @ may have risen to values of 3.0 cm or even 
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more. With a value of w= 6 g/m, it is no wonder that in these clouds 
chain reactions can occur which bring down such heavy rain. 

On the other hand, during the winter, the cloud droplets are smaller, 
the liquid water content lower, and the vertical velocities in cumulus clouds 
are lower. In general, therefore, under such conditions, it would not be possible 
to set up or maintain a chain reaction of the type we have been considering. 

In stratus clouds the vertical velocities are very low. In the case of con- 
vergent air masses, these stratus clouds would be lifted gradually and heavy 
rain and snow may result. But in general, these vertical velocities are not 
over 50 centimeters per second over any large areas. In such clouds, the air 
does not enter the base of the cloud, but the cloud as a whole rises with 
perhaps new layers forming under the parts that have risen. The distribution 
and water concentration within the cloud thus depends mainly on the air masses 
from which the cloud has been derived and cannot, in general, be calculated 
from the saturated adiabatic curve. 


Types of Rain and Snow in Relation to Spontaneous and to Artificial Seeding 


A. Stratus clouds. In clouds of this type, drizzle or moderate rain may 
fall, presumably due to the gradual coalescence of small droplets to larger 
drops which subsequently grow in accord with the data contained in Tables 
VI and VII. These drops ordinarily do not grow to sizes sufficiently large 
to enable them to break up. For this reason and because of the low vertical 
velocity, there will be no chain reaction. In most types of heavy rain from 
stratus clouds, the process is accelerated by the presence of snow crystals 
in an upper layer which melt into drops of moderate size and increase greatly 
in diameter during their fall through the lower part of the cloud. In order 
that rain of this kind can be maintained, there must be a continuous supply 
of ice nuclei. In most cases, with heavy rain, it is probable that the nuclei 
are produced by a kind of chain reaction in the upper layers by the fragmenta- 
tion of snow crystals. 

The theory of droplet growth that has been presented in this paper has 
been based on a knowledge of the collection efficiency E derived on the assump- 
tion that the falling drop is of large size compared to the cloud droplets. 

It is necessary to develop the theory in quite a different way where we 
have to consider the growth of small droplets within clouds consisting of fairly 
uniform droplets of 10 to 204 radius. The collection efficiency in this case 
is difficult to calculate. We have, however, been making experiments with 
glass spheres of various sizes falling through very viscous liquids so that the 
spheres fall’ at a velocity of 0.5 cm/sec corresponding to Reynolds numbers 
very much less than unity. The observations have shown that between equal 
spheres there are appreciable attractive forces when the distance between them 
is small compared to their diameter. Thus when the particles come into contact, 
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they remain in contact. When the spheres differ slightly in size, we have 
apparently obtained contacts that indicate roughly a collection efficiency E 
of about 0.2 However, much more careful experiments need to be made to 
determine the variation of E with the sizes of the spheres. 

A preliminary theoretical study has indicated that the stability of such 
clouds depends largely upon a dimensionless quantity 


P = AEut/o,, (39) 


where 


A = (3/4)dU/dS, (40) 


and ¢ is the time since the cloud of rather uniform droplets was formed by 
condensation. Over wide range values of S, A is approximately constant and 
equal to 6000 sec-4. When P, as defined above, is small compared to unity 
no rain should fall, but when P becomes comparable to or greater than unity, 
we may expect a new type of chain reaction, with conditions of instability that 
lead to a continual production of larger droplets which will subsequently grow 
in accord with the theory that we have already developed as given in Tables 
VI and VII. At present, we have practically no knowledge of EF. Presumably 
it varies with the droplet size. In view of the observed relative stability of most 
stratus clouds, .it is seen that the effective value of E must be relatively small; 
very much less than unity. We hope by the experiments in progress to get 
some idea of the values of E and in this way, see whether we can develop a better 
theory of the growth of rain from stratus clouds. 

B. Cumulus clouds. The theory that we have outlined for the development 
of a chain reaction in cumulus clouds has been ‘based upon assumptions in 
regard to the structure of these clouds before any rain has occurred. As soon 
as a chain reaction does set in, profound modifications in the cloud will 
occur. In the first place, the rain drops by their weight will tend to set up 
local down-drafts causing convergence in the upper layers and divergence below. 
The convergence above tends to draw the rain into these down-drafts and 
thus accelerate the development of a cell structure within the cloud. In general, 
there will be corresponding increases in the up-drafts in the other parts of 
the cloud. The down-drafts undoubtedly are largely responsible for the very 
short time that elapses before the rain reaches the ground after a large cumulus 
cloud is seeded at a height of 25,000 feet or more. Even in the smaller cumulus 
clouds of the L-H experiments, down-drafts must have contributed very 
greatly to neutralize the up-drafts which were general before seeding and finally 
to produce local down-drafts that helped to carry the rain rapidly to the 
ground. 

C. Artificial seeding of clouds. Dry ice seeding of supercooled clouds 
produces effects that travel rapidly throughout the supercooled part of the 
cloud. Heat is generated by the freezing of the water droplets and the freezing 
out of additional water vapor so that the temperature is raised roughly 1°C. 
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This produces turbulence which causes rapid spreading of the ice nucki 
throughout the supercooled cloud. 

The chain reaction in the production of rain can, under the right conditions, 
evidently be started by introducing even a single water drop into a cloud. 
The action should be most rapid when many large drops are introduced near 
the top of the cloud. For this purpose, it may be desirable to release the water 
from an airplane by use of a nozzle which directs the water backward with 
a velocity about equal to the forward motion of the plane, so that the drops 
are not broken up by coming into contact with the rapidly moving air. Another 
more convenient method may be to do the seeding by dropping pellets of 
ordinary ice which in melting in contact with the air will give water drops 
of fairly large size, distributed through a large height within the cloud. It 
may be that in this way hail, in a thunderstorm, greatly accelerates the develop- 
ment of the chain reaction in newly rising air masses in the lower part of the 
cloud. 


Self-propagating Storms 


It has already been mentioned that when large cumulus clouds with super- 
cooled portions are seeded with dry ice, effects of one of two kinds are observed. 
The cloud may either rain itself out and soon dissipate or it may rapidly increase 
in height and intensity and continue more or less indefinitely as a heavy rain 
storm. Which of these two occurs presumably depends upon the available 
moisture and stability of the surrounding atmosphere rather than on the con- 
ditions within the cloud. We must remember that when dry ice causes water 
droplets in a large cloud to freeze, it causes a liberation of heat amounting 
to about 1°C. It is thus possible, in some cases, that this added heat may set 
up an air circulation around the cloud which draws in new supplies of moisture 
faster than the rain is precipitated. Such effects when they occur may produce 
relatively widespread weather modifications. 

In clouds that have no portions below freezing, the setting up of a chain 
reaction by artificial seeding may remove so much water from the cloud that 
it lowers the weight of the cloud enough to increase the up-drafts, and thus 
to draw in large masses of new air. Consider, for example, a cloud containing 
3 g/m! of liquid water. If this is removed by precipitation, the density is lowered 


by 0.3 per cent and this is equivalent to the lowering of density produced by. 


a rise in temperature of 1°C. It would thus appear, under favorable conditions, 
that water seeding in a cloud above freezing temperatures may cause a self- 
propagating rain storm to develop. There is good reason to think that the 
L-H experiment of September 23 was a case of just this kind, but none of the 
other 45 experiments gave a storm that propagated for any large length of time. 
- A change of density in a cloud mass corresponding to 1°C gives to the air 
an acceleration of g/300 or about 3 cm/sec*. For a short time, the air starts 
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to move with this acceleration so that a velocity of 300 cm/sec may be attained 
within 100 seconds. However, the neighboring air masses are also involved 
in this motion and energy soon begins to be dissipated through turbulence. 
The velocities set up by changes of density resulting from seeding can be 
roughly estimated by taking an effective acceleration equal to one-half that 
corresponding to the change in density. When a cloud or air mass is thus 
accelerated, the maximum velocity reached will be the smaller of the two 
quantities: 

V = (1/2)g(Aolo)t (41) 


or 


V =V[e(Aele)Z) (42) 


where Z is the vertical or horizontal dimension of the convection cell, whichever 
is smaller. 

Thus with a seeded cloud height of 1000 m, a 1° temperature rise gives 
a velocity which increases about 15 cm/sec every second, but this velocity 
will not increase beyond a limiting value of about 550 cm/sec. It will take 
about 300 seconds to attain this maximum velocity. After that, the energy 
will be dissipated by turbulence. These effects are much larger than are 
expected by many meteorologists, but they seem to be in full accord with 
the results given by seeding experiments. 

A. Spontaneous seeding of clouds. The phenomena that occur in the 
artificial seeding with dry ice or with water are essentially no different from 
those that occur spontaneously in nature. However, there will frequently be 
cases where the cloud is not yet ready or ripe for spontaneous development 
of snow or rain, although it may be possible to produce these effects by 
seeding. Evidently, a great deal of detailed research will be needed to under- 
stand thoroughly the conditions under which the best results may be obtained. 
by artificial seeding. 


Widespread Weather Effects that Start from Small Beginnings 


When we realize that it is possible to produce self-propagating rain or 
snow storms by artificial nucleation and that similar effects can be produced 
spontaneously by chain reactions that begin at particular but unpredictable 
times and places, it becomes apparent that important changes in the whole 
weather map can be brought about by events which are not at present being 
considered by meteorologists. I think we must recognize that it will probably 
forever be impossible to forecast with any great accuracy weather phenomena 
that may have beginnings in such spontaneously generated chain reactions. 
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STUDIES OF THE EFFECTS PRODUCED 
BY DRY ICE SEEDING OF STRATUS CLOUDS 


Research I.aboratory Report No. RL-140, December (1948). 


An Analysis of Flight No. 23, April 29, 1948 


In Fiicut No. 4 on April 7, 1947 (First Quarterly Report, Project Cirrus, 
July 15, 1947, pages 9-11, 15, and 27-30) dry ice was dropped on the top 
surface of a continuous stratus cloud deck at the rate of about one pound per 
mile along an L-shaped seeding line having a total length of about 14 miles. 
Within 45 minutes, an area of about 10 square miles, still retaining the shape 
of the L, was observed and was photographed from a plane about 8000 feet 
above the top of the stratus clouds. At the time, the sun was only 10°-15° 
above the western horizon and thus, because of the difference in the directions 
of the sunlight scattered from the supercooled water droplets and from 
ice crystals, the seeded area sometimes appeared as a dark area on a light 
background and from other directions appeared as a light area on a dark 
background. 

Measurements of photographs showed that the width of the seeded pattern 
increased at the rate of 5 or 6 miles per hour, that is, the velocity of propagation 
was about 2.7 miles per hour on each side of the original line of seeding. This 
spreading of the ice nuclei and larger ice crystals through a quiescent stratus 
cloud at the rate of about 1.2 meters per second was presumably due to local 
convection and turbulence produced within the cloud layer near the edges 
of the seeded area because of the heat generated by the transformation of the 
cloud from one consisting of supercooled water droplets to one containing 
small ice crystals. 

Flight No. 4 demonstrated that it was possible to remove the supercooling 
in about 50 square miles of stratus clouds having an average temperature of 
about —7°C by using only 12 pounds of dry ice distributed along a 14 mile 
line in a period of about six minutes. The snow crystals thus produced un- 
doubtedly settled out of the top of the cloud layer which was roughly 4000 
feet thick, but the total liquid water content of the cloud was so small that 
only an insignificant amount of snow was produced. In Flight No. 4 only 
one plane was involved and, because of regulations, this plane could not fly 
down through the cloud layer to observe what was occurring beneath the 
clouds. In future flights it was hoped to have at least two planes and to get 
better photographic data of the rate of growth of the seeded area. 
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Studies of this kind give fundamental data on the production of snow within 
supercooled clouds and the elimination of icing hazard in stratus clouds. 
It was considered to be desirable to work with seeded areas of such size that 
they could be readily photographed and analyzed. We have, therefore, up to 
the present avoided carrying on experiments with continuous seeding over 
areas as large as 100 or 1000 square miles, although it is with just such large 
areas that results of the greatest practical importance should be obtained. 

In winter there are often extensive layers of stratus clouds of great thickness 
from which no snow falls, but which presumably might be made to yield snow 
or rain in substantial amounts if ice crystals could be generated near the top 
of the cloud. If the lower part of the cloud is warm, that is, if it has a tem- 
perature above 0°C, the melting snowflakes would presumably grow by accretion 
in accord with the Bergeron-Findeisen theory of precipitation. Small-scale 
experiments, such as that performed in Flight No. 4, would presumably give 
a valuable basis for planning for future research in the control of precipitation 
from stratus and even from cumulus clouds. 


Flight No. 23 


It is the object of this report to describe the results obtained in Flight 
No. 23 made on April 29, 1948. It was hoped to obtain information as 
to the rate of propagation of the ice crystal cloud and to attempt to correlate 
this rate with the meteorological conditions which prevailed at the time. By 
several studies of this kind with clouds having different temperatures, thicknesses 
and stabilities, it should be possible to get enough knowledge of the mechanisms 
involved to forecast with reasonable accuracy the results of seeding operations. 

This flight was arranged to be carried out over Cape Cod Bay about 50 
miles southeast of Boston within range of the Weather Radar Research Project 
in the Department of Meteorology of Massachusetts Institute of Technology 
(Signal Corps Contract No. W-36-039-SC-32038). We hoped that by radar 
it might be possible to detect precipitation produced by seeding and that the 
positions of the planes could be checked. From these results, we could decide 
whether in future flights we should use radar and radio communication to 
control the flight from the ground. 

Two planes from Project Cirrus at Schenectady took part in Flight 
No. 23. One was a B-17 G 43-37746 and the other a B-25 J 44-86893. The 
planes took off from Bedford Airport at about noon and the flight was completed 
about 3:00 p.m. (EST), when the planes started back to Schenectady. 

The B .25 carried out the seeding operations with dry ice, flew down through 
the seeded area, studied the precipitation seen below the clouds, and flew up 
through the hole produced by seeding. No photographs were taken from 
this plane, but some meteorological data were obtained, especially air tem- 
peratures. 
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The B-17 flew over the clouds in counter-clockwise circles of large diameter 
(22 to 33 miles) so as to keep the seeded area approximately in the center of 
the circle. Sequences of two to three photographs were taken at intervals of 
one to two minutes while the plane was flying on a straight course. Then, 
in response to directions given by the photographer, the course was changed 
so that the photographer could keep the seeded area about abeam on the 
left side of the plane. During most of the flight, the plane was at an altitude 
of 13,000 feet to 16,300 feet. 

A photopanel having a camera with 35 mm film which took a plintageaph 
about every 45 seconds of the instruments on the panel and an ML-313 were 
installed in the B-17. There were also push buttons arranged at several points 
on the plane so that the pilot, the photographer, or the meteorologist could 
operate the photopanel at the time of taking a photograph or recording any 
observations. For example, when the plane was changing its altitude, readings 
of wet and dry bulb thermometers were taken at about every thousand-foot 
level during the ascent as well as the descent. The photopanel data thus included: 
. Times — hours, minutes, and seconds. 

. Photopanel frame number. 

. Rate of climb — feet per minute. 

. Indicated air speed — miles per hour. 

. Indicated altitude — feet. 

. True heading of the plane. 

. True and bank indicator. 

. The panel indicator which showed whether that particular frame was 
taken in response to the ‘‘timer’’, photographer on the left side of the ship, 
navigator, or meteorological instruments. (Indicated dry bulb, indicated wet 
bulb for the free air.) 

9. Panel temperature (used for making corrections of the instrument 
readings). 

At the time of Flight No. 23, there was a very extensive area of smooth 
topped stratus clouds that extended from Boston out over Cape Cod Bay 
a little beyond Cape Cod. East of Cape Cod over the Atlantic the sky was 
cloudless. Detailed consideration of the meteorological conditions will be 
contained in a later section of this report. The cloud base was at approximately 
4800 feet, and at the time of the first seeding the top averaged about 8100 
feet. At the cloud base, the free air temperature corrected for dynamic heating 
was —2.8°C. Below the cloud base down to the surface of the sea, lapse rate 
checked well with the dry adiabatic lapse rate. Just above the cloud top there 
was a temperature inversion of one or two degrees centigrade and between 
9000 and 9600 feet altitude, the temperature was constant at —11.2°C. In 
the clear air above that, the lapse rate up to 16,000 feet was quite constant 
with the value of 2.28°C per 1000 feet as compared with the dry adiabatic 
lapse rate of 2.96°C. 
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Photographic Data 


Data obtained during the flight consisted of 68 photographs which were 
taken between 1306 ‘and 1446 EST. These were taken with a Speed Graphic 
camera on 4-inch x5-inch negatives with a 5-inch focal length. From these 
pictures, enlargements were made with a two-fold enlargement ratio giving 
8-inch x 10-inch photographs corresponding to a focal length of 10 inches. 
It was desired to use these photographs for the measurement of vertical and 
horizontal angles. 

If the top of the stratus deck is flat and at a constant known altitude and 
the horizon is clean cut, then, according to the methods described in the First 
Quarterly Report, it is possible by measurement of a single picture to determine 
the shape and size of the pattern outlining the seeded area. To locate these 
modified areas and detect horizontal and vertical movements, it is desirable 
to know accurately the position of the plane at all times and the direction 
of the camera axis at the time the photographs are taken. If these data are 
available, however, it becomes possible to make an independent determination 
of the size and shape of the seeded area by comparing horizontal angles in 
two or more successive photographs without the use of vertical angles and 
without accurate knowledge of the position of the horizon line. This procedure 
is particularly useful when the top of the stratus cloud is not flat or where 
the cloud altitude changes with time. In this case, one determines horizontal 
distances and positions by photographic triangulation using as a base line 
the length and direction of the line connecting consecutive air stations at which 
pictures are taken. The flight directions are obtained from the photopanel 
data and the lengths of the lines are calculated from the air speeds and the 
time intervals between the photographs. 


The Flight Path of the Plane 


During the flight a few ‘‘fixes’”” were abtained by Loran and by radio compass, 
and in a few cases, by rough observations of points on Cape Cod seen through 
holes in the cloud. These data, however, were found to be rather unreliable 
and the positions so determined were incompatible to such a degree that average 
errors of the order of several miles were evident. The procedure adopted was 
to calculate the flight path of the plane with reference to a set of co-ordinates 
fixed with respect to the air through which the plane was flying at the altitude 
of the plane; that is, the flight path was determined by dead reckoning from 
the photopanel data including heading, time, and the air speed but without 
allowing for wind drift. The air speed was, of course, corrected using the 
altimeter pressure, the air temperature from the meteorological data, and the 
instrumental errors. Figure 1 gives the flight path calculated in this way 
between 1252 and 1447 EST. The numbers placed along the line in Fig. 1 
are the running numbers of the photographs. The scale giving distances in 
miles is placed at the lower part of the figure. 
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The method of constructing the flight path from the photopanel data will 
be described in more detail in a later section of this report. An examination 
of Fig. 1 will show that after some original maneuvers for the purpose of getting 
into position, the B-17 described a path consisting of a 3/4-circle about 15 
miles in diameter from which photos 1 to 5 were obtained. The first seeding 
was done about the time that photo No. 2 was taken. The fact that the plane 
then described 2 3/4-circles having a common center (which was not far from 
the place at which photo No. 2 was taken) proves that the photographer, who 
was directing the course of the plane, was observing a definite point in the 





Fic. 1. 


cloud deck which was moving with respect to the ground at a rate about the 
same as that of the air through which the plane was flying. In our first analysis 
of these data, plots were made of the flight path of the plane with respect 
to the ground taking into account the drift due to a wind velocity of about 
30 miles per hour from 300° true north. The flight path in that case resembled 
a cycloid rather than a series of circles because the plane was circling about 
a moving point. 

In Fig. 1 it was seen that after 2 1/2 turns, roughly 30 miles in diameter 
the plane made a small loop, took photo No. 56, and then made 1 1/4 turns 
of another circle about 22 miles in diameter while photos No. 56 and 68 were 
taken. Again, it is significant that the path described is quite accurately a circle. 

As a matter of fact, the three large circles up to photo No. 55 represent - 
circling about the first seeded area while the small circle from photos No. 56 
to 68 represents the path flown while the second seeded area was being photo- 
graphed. 


Seeding Operations During Flight No. 23 


Seeding No. 1 


This consisted of an L-shaped figure forming two sides of a square 
with two ‘‘point drops” at the fourth corner of the square. The seeding started 
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at 13:07:30 on the course of 254°. After flying on this course at a true air speed 
of 187 miles per hour for 45 seconds (a distance of 2.1 miles), a sharp left 
turn was made so that within 30 seconds the course had changed 90° to a course 
of 159° true north. The radius of the turn was 0.9 miles. The straight flight 
along the 159° continued for 45 seconds (a distance of 2.1 miles). At this point, 
the dispensing of the dry ice, which had been going on at about two pounds 
per mile for a distance of 5.6 miles along the seeding path, was stopped. Then 
a second 90° left turn was made in 30 seconds to a course of 74° and at about 
20 seconds later, 1 1/2 pounds of dry ice were dumped at one point and about 
20 seconds later, a similar amount was dumped. The times of these ‘‘point 
drops” were not accurately recorded. 

The effects produced by the first seeding will be described in detail later 
but the photographs show the beginning of effects in about photo No. 8, and 
photographs of this area were taken regularly up to photo No. 55 at 1414 EST. 


Seeding No. 2 

At 1418 the decision was made to seed a new area southwest of the 
original one using six ‘‘point drops” along a straight line on a course of 240° 
which would give a seeding line along the length of a band of cloud still re 
maining. The clouds near the original seeded area were gradually beginning 
to dissipate as they moved out to the sea past Cape Cod, but the six ‘‘point 
drops” were made over a strip of cloud about ten miles wide and twenty miles 
long, which was still unbroken. Unfortunately, the course flown by the seeding 
plane, instead of being 240°, was 204°. According to the records taken on 
the B-25 plane this second seeding started at 1426 on a heading of 204° true 
north and was completed at 1428 at the same heading. The six ‘‘point drops” 
of 1 1/2 pound each were spaced about 20 seconds apart, corresponding to 
a distance of one mile since the air speed was 180 miles per hour. 


The Position of the Plane 

During the time in which photographs were being taken it was planned, 
as far as possible, to fly the plane on a straight course at constant altitude 
so that two or more consecutive pictures could be taken until the photographer 
found that the seeded area was falling so far behind that it was obscured by 
the elevator surface. Then by interphone he notified the pilot that a left turn 
should be made until such time as the photographer found that the seeded 
area could be photographed just back of the wing tip. At the beginning and 
end of each turn, the pilot caused a photopanel record to be made by pressing 
a button. During the turns a nearly constant rate of turn was maintained, 
and an analysis of data shows that, in general, the radius of curvature during 
these turns was about four miles. 

A rather large-scale plot was made from the air speed data, the time, and 
the heading of the plane as recorded by the photopanel. All necessary correc- 
tions were applied to the indicated air speed and the indicated heading. All 
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Tass I 
Data for the Flight Path 
Flight No. 23 
; True True True Co-ordinates True 
— oon heading | airspeed | altitude = _(miles) camera 

: S QP mi/hr | +1000 ft fs 7 e axis 

1 | 13 0632 322 225 13.3 28.15 46.08 237 
2 0733 292 220 13.3 24.95 47.98 216 
3 1145 162 223 13.3 14.16 42.56 76 
4 1342 136 229 13.3 18.49 36.79 48 
5 1523 78 228 13.3 24.48 34.97 44 
6 1604 52 221 13.3 26.68 | 36.24 349 
7 1645 52 226 13.3 28.66 | 37.79 323 
8 1727 52 216 13.3 30.74 | 39.44 316 
9 1814 14 199 13.3 32.25 | 41.73 305 
10 1905 16 196 14.8 33.01 44.45 282 
11 2021 10 205 14.8 33.80 48.50 267 
12 2121 316 216 14.8 32.84 51.66 240 
13 2222 314 221 14.8 30.23 54.22 227 
14 2317 312 222 14.8 27.73 56.51 206 
15 2448 268 | 224 14.8 22.95 59.16 181 
16 2544 266 226 14.8 19.46 | 58.98 158 
17 2645 230 223 14.8 15.75 | 58.35 139 
18 2733 222 228 14.8 13.65 | 56.22 135 
19 2818 224 229 14.8 11.70 54.13 124 
20 2935 178 218 15.1 9.54 | 49,86 99 
21 3035 182 | 203 15.1 9.54 46.22 81 
22 3139 178 =} ~~ 201 15.1 9.54 42.56 67 
23 3301 136 | = 223 16.1 12.25 38.79 52 
24 3357 136 | = 227 16.1 14.66 36.29 37 
25 3459 108 | = 226 16.1 17.57 | 33.71 15 
26 3554 92 225 16.1 20.98 | 33.11 9 
27 3638 96 228 16.1 23.73 32.92 2 
28 3721 92 229 16.1 26.45 32.73 354 
29 3822 62 227 16.1 30.28 32.90 336 
30 3919 50 229 16.1 33.14 35.09 323 
31 4053 20 230 16.1 37.29 39.31 297 
32 4246 350 227 16.1 38.93 | 46.27 268 
33 4331 350 | 227 16.1 38.44 | 49.07 258 
34 4504 320, ~—-230 16.1 36.12 54.44 241 
35 4607 320 | 230 16.1 33.54 57.51 225 
36 4730 286 | 230 16.1 28.88 59.83 208 
37 4816 286 | 231 | «161 26.05 60.64 195 
38 4856 286 231 | 16.1 23.58 | 61.35 186 
39 4951 258 235° | (16.1 20.09 61.71 173 
40 5106 | = 252, | 2S 234 16.1 15.30 60.65 159 
41 5156, 228 | = 235 16.1 12.54 58.98 140 
42 5235 | 230 240 16.1 10.62 57.32 130 
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True True True Co-ordinates True 














P tga ee heading | airspeed | altitude (miles) camera 

° Meee | mi/hr | +1000 ft < - axis 
43 13 5322 200 235 16.1 8.77 54.86 118 
44 5410 200 236 16.1 7.70 51.92 ~ 104 
45 5536 168 234 16.1 7.69 46.36 84 
46 5804 "132 234 16.1 11.47 37.84 53 
47 14 0010 102 232 16.1 18.93 34.98 26 
48 | 0103 102 232 16.1 22.26 34.27 8 
49 0219 74 228 16.1 27.01 35.00 350 
50 0406 32 229 16.1 32.19 39.26 309 
51 -0529 12 232 16.1 33.71 44.27 _— 
52 0730 338 230 16.1 32.37 51.54 289 
53 0929 310 231 16.1 27.04 56.89 251 
54 1049 280 232 16.1 22.60 59.32 209 
55 1411 220 235 16.1 10.71 56.09 183 
56 2444 284 224 16.1 12.03 48.57 119 
57 2846 202 232 16.1 . 0.46 40.35 90 
58 3002 160 240 16.1 0.38 35.55 66 
59 3055 132 241 16.1 2.32 32.67 48 
60 3148 120 241 16.1 5.18 30.60 34 
61 3320 90 237 16.1 11.04 29.26 01 
62 3456 52 236 16.1 16.68 31.79 321 
63 3615 32 234 16.1 19.65 35.93 288 
64 3739 0 229 16.1 20.63 41.22 264 
65 3926 318 232 16.1 18.38 47.56 222 
66 4029 302 234 16.1 15.16 50.00 203 
67 4354 224 235 16.1 3.23 47.08 148 
68 4530 200 239 16.1 0.84 41.29 100 























the points shown by small circles on the track given in Fig. 1 show the positions 
of the plane at which photopanel data were recorded. Table I gives photopanel 
data only for the air stations at which the photographs were taken. 

An analysis of the plot showed that the flight path could be broken down 
into straight sections, during which photographs were taken, and circular 
arcs in which the heading of the plane, g, varied linearly with time. The length 
of the line S along these straight or curved sections of the flight path was 
obtained by multiplying the air speed by the time interval. In order to plot 
the flight path as shown in Fig. 1, it was found convenient to calculate the 
radius of curvature R of the curved flight sections. Let S be the distance trav- 
ersed by the plane during one section of the flight having a duration of ¢ 
seconds, Then we have 

S= Ut. (1) 

When the plane during the time ¢ describes a circular arc of length S, the 

radius of curvature is given by 
R= S/6, (2) 
where 6 is the angle (in radians) through which the plane has turned in time ¢. 
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The plotting of the points shown in Fig. 1 in small circles is done most 
conveniently by calculating the length of the chord C which corresponds 
to any given circular arc 0. The relation between C and R is given by 


C = 2R sin (6/2). (3) 


When the angle 6 is less than about 90°, C may be calculated by a series ex- 
pansion based on Eq. (3), 


S—C = (R@/24) (1 —68/80+ «--). (4) 


The whole flight path as shown in Fig. 1 can be constructed graphically by 
laying out the straight lines corresponding to the straight parts of the flight 
path, each line having the direction p as given by the corrected photopanel 
data. For the circular arcs, the difference in the values of p between the be- 
ginning and end of the curved arc gives 6 for use in Eq. (2) and (3). The length 
of the chord C is then calculated by Eq. (3) of (4) and the direction of this 
line is the arithmetical mean of the initial and the final value of y. It was found, 
however, to be more convenient to calculate the co-ordinates x and y of the 
successive air stations by multiplying the length of the chord C by cos » or 
sin y to get the increments of x and y. 

All the points shown by small circles in Fig. 1 were plotted from the cor- 
responding value of x and y and were checked graphically by observing the 
lengths of the sections and the azimuths 9 of the straight sections and the chords. 

Table I gives the locations of the points at which photographs were taken. 
The table contains data for the time, the heading of the plane, y, the true 
air speed, the co-ordinates x and y from an arbitrary origin, and the azimuth 
of the camera axis. 


Analysis of the Photographic Data 

In order to determine the position and the shape of the seeded area during 
the course of its development after seeding, it is important to know the direc- 
tion y, in which the photograph is taken, that is, the azimuth of the camera 
.axis or the principal plane of the photograph. The tip of the left wing or the 
left elevator showed in nearly all the photographs. Since the photographs 
were taken from a fixed position in the ship and the angle to the wing tip or 
the elevator tip was known with respect to the ship’s head, it was possible 
to determine ¢,. 

An independent check of the correctness of these anglés was obtained 
in an examination of the photographs by picking out in pairs of consecutive 
photographs two or more points that were seen in both. By connecting 
these points in one photograph by straight lines and extending these to the 
horizon, the direction of the line could: be calculated from the position of 
this horizon point on the photograph. In spite of the fact that two consecutive 
phot ographs might be taken from points 2 or 3 miles apart, the directions 
of the points where these lines meet the horizon in successive pictures are 
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identical since parallel horizontal lines on a photograph converge towards 
a single point on the horizon. Actually to get high accuracy by this method 
it was necessary to apply corrections because of the curvature of earth and 
the depression of the horizon. These methods will be described later. 

A comparison of these two methods indicated that, in general, the accuracy 
of the camera azimuth y, was such that the average error was about +2°. 
There were a few photographs taken in which neither the wing tip nor the 
elevator showed and it was, therefore, necessary to depend on the photographic 
method to determine ¢,. In flights made subsequently to Flight No 23, a wire 
was stretched from the wing tip to the elevator which carried near its center 
an insulator which showed in all the photographs. From the known position 
of this insulator, it was then possible to determine ¢,. 

During the course of Flight No. 23 a series of sixty-eight photographs were: 
taken from the photo plane Only eight of these have been selected to illustrate 
particular phases of the operation. 

Photo No. 1 (1-23-746) illustrates the stratus deck existing before the 
initial seeding run. 





Photograph No. 1. 





Photo No. 2 (25-23-746) shows the L-shaped seeded area 27.5 minutes 
after seeding and also the location of the spot drop beyond. 





Photograph No. 2. 


Original from 
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Photo No. 3 (27-23-746) shows the modified region after 29.1 minutes 
at which time the spot drop is difficult to see. 





Photograph No. 3. 


‘ Photo No.£4 (46-23-746) shows the area 50.5 minutes after seeding with 
a considerable depression visible. 






Photograph No. 4. 


Photo No. 5 (57-23-746) was taken just as the seeding plane was finishing 
its run during which six ‘‘point drops” of 1 1/2 pounds were made at one- 
mile intervals. On the original photo, the seeding plane may be seen as indi- 
cated by the circle, and the third modified area is already 0.33 miles in dia- 
meter 113 seconds after seeding. 


SER Re ae 


Photograph No. 5. 
Photo No. 6 (59-23-746) shows the six areas 4.3 minutes after completing 


the seeding run. At this point the second area, indicated by the arrow, has 
grown to a diameter of 0.40 miles. 


ets Original from 
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Photograph No. 6. 


Photo No. 7 (65-23-746) shows the six areas as ellipsoids approximately 
one mile in diameter 12.5 minutes after seeding. A careful analysis shows 
that they are nearly exzcct circles. 





Photograph No. 7. 


Photo No. 8 (68-23-746) shows the last photo taken after 19.5 minutes 
at which time most of the supercooled clouds had dissipated leaving the six 
circular clouds of ice crystals as persistent snow areas. This is an excellent 
example of overseeding. 





Photograph No. 8. 


Original from 


Digitized by Google UNIVERSITY OF MICHIGAN 
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General Effects Produced by Seeding 


The observers on the B-17 plane noticed the effects within less than 5 
minutes after seeding, but the effects are only clearly recognizable in the photo- 
graphs beginning with photo No. 13. The distance and position of the seeded 
area with respect to the sun in these first photographs were such that the 
contrast was not sufficiently good for reproduction in this report. The original 
photographs, however, beginning with photo No. 12, show the seeded area 
unmistakeably, and it is even possible to go back and detect the early effects 
of the seeding beginning in photo No. 6 taken about 9 minutes after seeding. 
The plane was at a distance of about 10 miles. By photo No. 16, however, 
the L-shaped pattern was clearly recognized, and it could be seen that the 
width of the seeded area had already increased to more than one mile. The 
far edge of the seeded area appeared in some places as a very sharp line illumi- 
nated by the sun indicating that the top of the seeded area had subsided to 
a depth of about 400 feet. Another portion of the L (the northeast leg) showed 
a type of cumulus development indicating that some snow crystals had been 
carried upward to a height of about 500 feet above the original height of the 
stratus deck so as to hide the far edge of the seeded area. In photo No. 18 both 
the near edge and the far edge are clean cut and definite along most of the 
length. The ‘‘point drop’’ is also separately recognizable. In photo No. 19 
the subsidence of the topmost surface of the seeded area has progressed further. 
The width of the NE leg of the L was about two miles. In photo No. 21 the 
whole L is becoming much more distinct, and the top surface now appears 
quite uniform about 600 feet below the original level without any appreciable 
indication of snow having been carried aloft. Photo No. 22 shows a further 
development of the same type. In photo No. 23 the width of the L at the bend 
is about 3.7 miles, and the diameter of the ‘‘point drop” is 1.5 miles. 

Photos Nos. 24 to 27 show an apparently dark area developing just to the 
west of the bend of the L just outside of the rather sharp boundary of the 
seeded area. Gradually this seems to move into the seeded area or the boundary 
extends ‘out past the dark area. It is believed that the dark appearance is 
caused by the thinness of the cloud at this point so that much light, instead 
of being reflected back into the sky, is transmitted down to the surface of 
the sea. The width of the seeded area along its whole length gradually increased, 
but the inner edge of the bend appears to rise along the original level with 
some cumulus activity coming from below. The outer edge of the seeded 
area, however, near the edge of the bend appears to be depressed and thin. 

Photos Nos. 28, 29, 30, and 31 show somewhat less contrast and are not 
suitable for reproduction. During this time the southern leg of the L gradually 
seems to merge with the ‘‘point drop” so that the whole pattern takes the 
form of a large U. However, later, beginning with photo No. 33, the southern 
part of this pattern seems to become rather indefinite, and the pattern becomes 
again more like an L; but the angle at the bend is then greater than 90°. The 
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seeded area, at all times, retains its individuality and remains separate from 
other areas in the stratus clouds which were gradually dissipating. The north- 
ern leg of the L shows a considerable cumulus development from.photo No. 30 
on to No. 34 with clouds that finally rose to nearly 1000 feet above the original 
stratus deck. Beginning with photo No. 34, the edge of the L, especially at 
the northern end, becomes very clear cut and dark edges form to make it look 
as though the cloud in some places had wholly cleared away but with snow 
falling from the edge. Photo No. 36 shows that the seeded area has a total 
length of 9.5 miles and a maximum width of 5.2 miles. In photos Nos. 36 
to 39 the whole seeded area appears dark in color with complete breakthrough 
in about 20 per cent of the area, but new and presumably supercooled cloud 
layers are slowly forming across a part of the seeded area. These, however, 
are relatively thin and are, in general, considerably lower in elevation than 
the top of the undisturbed stratus. Photos No. 41 to 46 show a gradual increase 
in the area from which the clouds have been removed. Photo No. 46 shows 
this very clearly. The total area within the seeded area which is now: devoid 
of clouds covers about 30 square miles. It is seen particularly well from this 
photograph that out over the sea at a distance of about 35 miles there are no 
clouds. A long strip of cloud running approximately north to northeast at 
a minimum distance of about 25 miles from the photo station is seen in photo 
No. 46. In the north, there is a partly cloudy area to within a distance of about 
17 miles. The seeded region is now an elongated area only slightly resembling 
an L having a total length of about 10 miles and a maximum width of about 
7 miles. Photos Nos. 47 to 51 have been analyzed in great detail. About 20 
to 30 points that are identifiable in the upper surface of the clouds have been 
used to determine horizontal and vertical angles, and the comparison of 
horizontal angles in successive photographs has been used to determine the 
shape and size of the seeded area. Then by measuring the vertical angles below 
the horizon, the altitudes of the cloud top and the various cloud formations 
within the seeded area have been determined. Photo No. 57 was taken just 
after the completion of the second seeding in which the B-25 flew on a course 
of 204° and made six ‘‘point drops” about a mile apart along a straight line. 
An examination of the photographs shows very clearly four ‘‘point drops” 
and it shows the B-25 (about 0.3 millimeters in size on an 8-inch x 10-inch 
photograph) just in front of the nearer of the two cumulus clouds that lie 
at the right hand side of the photograph. From the known speed of the plane, 
it is possible to calculate the exact time of seeding and the time that has lapsed 
between the first four ‘‘point drops” and the time at which photo No. 57 
was taken. 

It is remarkable that within two minutes each seeded area appears as a circle 
of diameter 0.3 miles, having increased in diameter at a rate of nearly 10 miles 
an hour. In the photograph, the seeded area appears as a line rather than as 
a circle. Calculations show, however, that at a distance of 6.6 miles, the seeded 
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area should appear as an ellipse of high eccentricity not appreciably different 
from that shown in the photographs. 





























Point . Rate of increase 
drop | Time genre a in diameter 
number (miles per hour) 

1 14:26:10] 0.32 156 | 74 
2 | 14:26:31 = 135 | _ 
3 | 14:26:53; 0.33 113 10.6 
4 | 14:27:08| 0.27 | 98 | 9.9 





In successive photographs, the diameters of the circles increase regularly 
although as the plane circles the seeded areas, the line of seeding is sometimes 
seen end on and sometimes from the side. In photo No. 59, all six of the points 
are clearly recognizable, and we can see that they are now definitely ellipsoidal 
in shape and that they are increasing rapidly in size. 

In the next photograph, No. 60, the azimuth of the picture is 34° so that 
the line is seen nearly end on. The contrast, however, is rather poor and not good 
for reproduction. It should be noted in photo No. 58 that the dark area at the 
upper left near the point at which the six point seeding commenced, there 
is a large area nearly free from clouds. This is the southern end of the original 
seeded area, seeded 43 minutes previously. This can also be recognized in all 
succeeding photographs up to photo No. 62. An analysis of photo No. 61 shows 
that the width of the seeded area is now about 8 miles, but the northern end 
has merged into the dissipating cloud areas that lie to the NE. The six seeded 
points are recognizable in photos Nos. 61 to 63, but the contrast is very poor 
so that they cannot be reproduced. In photo No. 65, however, the line is again 
seen nearly end on and now the circular form of the separate seeded areas 
is very apparent and the diameter can be measured accurately. It has been 























Tase II 
. ~ Before seeding i After seeding 
Altitude| Pressure Mixing} Liquid 
feet mb | Temp. | ratio | water | Temp. AT — 
°C x | content °C emt 
kg/m* | g/m? 8 
7 a3 r | 
4710 839 | —2.5 3.70 0 —25 '40 : 0 
4800 836 —2.8 3.70 0 —2.64 | +0.16; 0.04 
"5800 807 | —4.8 3.28 0.44 —4.51 0.29, 0.50 
6800 777 —6.86| 2.91 0.80 | —6.38 0.48} 0.86 
7800 746 —8.97 | 2.58 1.00 | —8.36 0.61; 1.18 
8100 737°; —9.63| 2.48 1.19 —8.96 0.67; 1.26 
1 x 
Averages —6.05 0.63 —6.45 | 0.40 | 0.69 
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found that the diameter of the second seeded area was 1.04 miles and the others 
lie very close to the same value. A reference to Table II shows that the age 
of the spot at this time is 775 seconds, thus indicating that the diameter in- 
creased at the average rate of 4.8 miles per hour during these first 13 minutes. 
In photo No. 66 the line of the six seeded spots is seen almost end on, but 
there is poor contrast. The seeded areas appear as six circular areas which 
have already begun to overlap so that the circles are now considerably over 
a mile in diameter. The seeded areas are very close to the edge of the stratus 
clouds. The last two pictures, Photos Nos. 67 and 68, show the line of six 
seeded areas running across the picture nearly at the edge of the clear sky. 
They appear in the photographs as cigar-shaped clouds, but they are probably 
truly circular lenticular clouds. They have a very different texture from the 
unseeded clouds, appearing slightly darker in color and seeming to persist 
although all the rest of the clouds around them are dissipating. This is pre- 
sumably due to the fact that ice crystals have a lower vapor pressure than 
supercooled water droplets so that when the cloud dissipates, the ice crystals 
persist longer than the cloud of water droplets. 


Effects Produced on the Temperature and Turbulence within a Stratus Cloud 
by Seeding 

Wet and dry bulb freé air temperature readings were taken on the B-17 
plane while climbing to 16,200 feet and again when descending. The dry 
bulb temperatures were corrected for the effect of dynamic heating by sub- 
tracting from the observed reading 0.85° multiplied by the square of true 
air speed in hundreds of miles per hour. The water vapor pressure was calcul- 
ated from the difference between the-indicated dry and wet bulb temperatures 
and the ambient pressure at that altitude (not the stagnation pressure). From 
this vapor pressure, the mixing ratio x was calculated. 

The results showed that from the ground level up to the base of the cloud 
at 4800 feet the lapse rate was constant and equal to the dry adiabatic lapse 
rate of 3.0°C per thousand feet. In these calculations, the relation between 
the altitude and the pressure was determined by integration taking into account 
the temperatures as they varied with altitude. The mixing ratio x between 
980 feet and 3900 feet was constant at 3.0--0.05 g per kg of dry air, indicating 
that vertical convection was probably occurring or at least that there was neutral 
stability. The free air temperature at the cloud base, 4800 feet, was —2.8°C 
and the pressure was 836 mb. Calculations show, however, that if the mixing 
ratio throughout the air mass were constant at 3.00, the cloud base, according 
to Weather Bureau charts, should be at 785 mb and at a temperature of —7.0°C 
corresponding to 6520 feet altitude. If this mixing ratio continued up to the 
top of the cloud at 8100 feet where the pressure was 737 mb, the water vapor 
content (x) at the top of the cloud would be 2.4 so that the liquid water content 
would be 0.6 g/kg. 
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On the other hand, at the base of the cloud, 4800 feet, the air was saturated 
and, therefore, must have had a mixing ratio of 3.70 g/kg. Table II contains 
data for the temperature distribution and the liquid water content within the 
cloud on the assumption that the cloud originally contained supercooled water 
droplets and that the total water content, vapor and liquid, x+y was constant 
at a value 3.70 g/kg. It is also assumed that the temperature distribution 
corresponds to the saturated adiabatic for liquid water. It is desired to then 
calculate the changes in temperature that would result when this cloud is 
* seeded with dry ice. When these enormous numbers of ice nuclei are pro- 
duced, the water droplets evaporate giving vapor which condenses on the 
ice nuclei and the temperature of the cloud rises because of freezing of the 
water, and the increase in the snow content above that of the original water 
because of the vapor pressure of the ice is less than that of the water. Equations 
have been derived for calculating the saturated adiabatic lapse rate for a cloud 
containing supercooled water and for one containing ice crystals. The lapse 
rate A is given by 


A= C(14+B)/(14+-4/T), (5) 
where C is the dry adiabatic lapse rate; 
C = 0.986 x 10-4 °C/cm (6) 
or 
C = 3.00°C per 1000 foot rise; (7) 
B= 9.059 Le/T(T—e) (8) 
and 
A = 2.574 (L/T)p/(p—e). (9) 


In these equations, L is the latent heat of evaporation of the water or ice, and 
e is the corresponding vapor pressure for saturated water or ice. For water, 
we put L,, = 608 and for snow or ice L, = 678. We thus have for supercooled 
water. 


By = 5509ey/T(p—2y) (10) 
and 
Ay = 8.62 10%e,/T?(p—2ey) (11) 
and for snow 
B, = 6142e,/T(p—es) (12) 
Ag = 1.702 10"e,/T?(p —2es). (13) 


The lapse rates for the 1000-foot intervals centering about 5300 feet, 6300 
feet, and 7300 feet were calculated from these equations with the results given 
in Table III. From the data of the second column of Table III, the temperature 
changes per thousand feet were calculated giving the results shown in column 3 
of Table II. 
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Tasre III 
Lapse Rates for the Stratus Cloud Flight 23 














Saturated adiabatic 
Altitude lapse rates in °C per 
o 1000 feet 
Water | Snow 
5300 2.00 1.84 
6300 2.06 1,93 
7300 211 2.00 





In the B-17 one measurement was taken of the temperature within the cloud. 
At 7630 feet with a pressure of 750 mb, the dry bulb temperature was —7.2°C. 
If we apply the usual correction for dynamic heating, the temperature should 
be —9.9°C whereas according to Table III, it should have been —8.62°C. 
The discrepancy of about 1.3° is undoubtedly due to partial neutralization 
of the dynamic heating by the cooling effect of the liquid water. The temper- 
ature of —9.9°C at that altitude would obviously be impossible for it would 
correspond to a highly superadiabatic lapse rate. 

Table II also gives the mixing ratio calculated from the ey and p. Multi- 
plying this by the density, which ranges from 1.078 kg/m* at 4800 feet to 
0.975 kg/m? at 8100 feet, we obtain the liquid water content in column 5 
expressed in g/m*. The average liquid water content within the cloud thus 
comes out to be 0.63 g/m’. 

An equation has been obtained (whose derivation will be renee in a later 
report) by which the rise in temperature, AT, produced by seeding can be 
calculated. The equation is 


= [333.94 (p—2e) + D]/{(p—2e) +E] (14) 
Here AT is in °C, y in grams of liquid water per gram of dry air, and p and 
e are in mb. The quantities D and E are given by 

D = —16.95t, (1 —0.0067 t,) es, (15) 


and 
E = 144.2(1—0.0073t,)e,1, (16) 


where ¢, is the initial temperature in °C at any point before seeding and t,, 
is the vapor pressure of ice at that temperature. 

Using this equation, the temperature rises produced by seeding are given 
in column 7 of Table II. The final temperature, #,, is given in column 6. The 
last column shows the snow content in g/m?. It is seen that it is greater than 
the water content before seeding. 
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Observations from the B-25 Plane 


The following is a log of operations following the completion of seeding. 
13:11 The B-25 circled over the seeded area to observe the effects which 

were produced. 

13:18 The seeded area was first noticed at this time. 

13:20 The seeded area was very apparent. 

13:28 The plane descended through the seeded area following the same 

to path as originally seeded with headings of 279° and -106° and noted 

13:32 that the base of the cloud was at 4700 feet. 

13:35 Precipitation was seen falling from the seeded area. 

13:36 It was noted that precipitation was in the form of light snow. As seen 

; from below small holes appeared within the seeded area. 

13:38 The precipitation area was very pronounced at this time and it had 
descended to an altitude of 3000 feet. 

13:41 While descending from 2900 feet to 2600 feet, turbulence was noted 

to although previously there had been no turbulence. 

13:43 

13:51 Flew at an altitude of 2500 feet directly through the precipitation area, 
which was apparently caused by the seeding. The visibility in this 
cloud was less than 1/8 mile. The precipitation was falling in the form 
of rather large snowflakes. 

13:53 At an altitude of 2600 feet. 

13:54 Altitude 1800 feet. The precipitation was still descending and reached 
this altitude. The plane gradually descended keeping pace with the 
bottom of the precipitation. 

13:56 Altitude 1500 feet. 

13:58 Altitude 1200 feet. 

13:59 It was noted that the precipitation was dissipating, probably melting 
and evaporating. 

14:06 The plane climbed up to the hole and reached the top of the seeded 
area at 14:18. This was the time that photos No. 52 and 55 were taken. 

14:26 Seeding No. 2 was made. 

An analysis of these data shows that snow was falling at the rate of about 
50 to 60 centimeters per second. Within 20 minutes after seeding at 8100 
feet snow had already fallen to the 2000-foot level, and in 20 minutes more 
the lower part of the precipitation had reached the 1200-foot level at the rate 
of about 90 cm per second, assuming that the precipitation started from the 
base of the cloud at 4800 feet. However, much of the precipitation started 
at a higher level which corresponds to speeds greater than this. No observa- 
tions have been made of how long the precipitation lasted after 13:59 when 
it was observed that the precipitation at 1200 feet was dissipating. Presumably, 
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precipitation at a higher level was continuing from the edges of the seeded 
area. This at least was what we had observed in the flight of March 7, 1947 
when a seeded area passed over Schenectady. 

From the observation that the mixing ratios for water vapor in the air below 
the clouds are practically constant at 3.0 kg/m* and the fact that the free air 
temperature corresponds with the dry adiabatic lapse rate, we can calculate 
the relative humidity and the wet bulb temperatures at each altitude. Snow- 
flakes which fall from clouds into relatively dry air below cannot begin to 
melt until they reach a place where the wet bulb temperature is above freezing. 
According to these calculations, this altitude is 3200 feet. The snowflakes 
would naturally fall several hundred feet below this level before showing any 
appreciable melting. This agrees well with the observation. The visibility is 
only 1/8 mile at 2600 feet where presumably the visibility was a minimum, 
and at 1200 feet the precipitation had dissipated. 

We have estimated that the average liquid water content in the cloud was 
about 0.7 g/m? and that the thickness was about 1000 meters. Thus if all the 
liquid water in the cloud was precipitated without loss to the ground, it would 
give 700 g/m* or a depth of 0.07 cm of water or roughly 0.7 cm of snow. In 
December 1946, in analyzing the flight data in which Dr. Schaefer seeded 
his first cloud on November 13, 1946, a theory was developed for the rate 
of growth of snowflakes after ice nuclei are introduced into a cloud of super- 
cooled water droplets. The rate of growth of the snow crystals under these 
conditions can be calculated by the equation 


1) = 2 MD(py—Ps)t/oRT. (17) 


In this equation, M is the molecular weight of water (18), D is the diffusion 
coefficient of water vapor in air, py, is the saturated vapor pressure of water, 
Pp, is the saturated vapor pressure for snow or ice, ¢ is the time in seconds, @ 
is the effective density of the snowflake, T is the absolute temperature, and R 
is the gas constant 8.37 x 107 ergs per degree. This equation is derived for the 
case of a sphere. It can be applied to the growth of a snowflake by choosing 
appropriate values of radius r and the density 9. Schaefer has found that at 
temperatures of —5 to —10°C, such as prevailed in Flight 23, the primary 
crystals that form at the introduction of ice nuclei produced by dry ice are 
in the form of small hexagonal plates having a thickness about 1/10 of the 
maximum diameter. We may, therefore, let r in Eq. 17 be the diameter of the 
hexagonal plate, and we can choose the density 9 by assuming it to be that 
of a sphere which has a total surface equal to that of the hexagonal plate. 
If we take the thickness of the snow crystals 1/10 of its diameter, we find 
that the value of g is 0.27 g/cm’. It is evident from Eq. 17 that the diameter 
of the primary snowflake increases in proportion to the square root of the 
time. Table IV enables us to see how the rate of growth depends on the 
temperature. . 
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To determine the size of the crystal at any other time, one simply multi- 
plies the values given in the second column of Table IV by the square root 
of the time in seconds. 


Tasie IV 


The Rate of Growth of Snow Crystals in Air 
Saturated with Respect to Water 


‘Temperature | Diameter after 1 sec 





o° | 0 


- sc | 1.35 x 10° cm 
—10°C 1.55 
15°C 1.50 
—20°C 1.40 
—-30°C 1.07 


—40°C | 0.75 





While the snowflake grows in size, it falls at an increasing speed. When 
the particles are small during the first five minutes of their growth, their veloc- 
ity of fall is given by Stokes’ Law. We may again use the equation for spheres 
and take the effective density to be 0.27 for hexagonal plates having a thickness 
1/10 of their diameter. The velocity of fall thus becomes 


v = 3.7x 10, (18) 


where r is in centimeters and v is in centimeters per second. By combining 
this with Eq. 17, we find that the velocity increases in proportion to time or, 
in other words, they move with uniform acceleration. If we use the data in 
Table IV for the temperature range from —5 to —10°C, we thus find approx- 
imately that the distance which the growing snowflakes fall with time is 


x = 0.052, (19) 


with the distance measured in centimeters. 

These calculations show that primary hexagonal snowflakes which fall 
at a rate of 60 centimeters per second would have a diameter of 0.06 cm, would 
have a thickness of 0.006 cm, and would weigh 25 x 10-*g. According to Eq. 17, 
it would take about 10 minutes for the crystals to grow to this size. 

From the weight of these flakes, we may then estimate the number of flakes 
that would have to fall per cm* to give the total precipitation of 0.07 cm depth 
of precipitation at the base of the cloud. We find in this way that there will 
be about 3000 snowflakes per square centimeter, and if we assume that the 
whole cloud covered 45 square miles about 25 minutes after seeding, it would 
mean that about 3 x 10% snowflakes fell from the cloud. Let us suppose that 
if crystals fall in any one place, they form a column 1000 feet high which 
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is the thickness of the cloud. Then we find that the average concentration 
of the snowflakes is 0.03 flakes per cm’, so that the snowflakes were on an 
average of about 3 centimeters apart while falling through the air. On this 
basis, we can estimate the visibility. The area of the hexagonal face of each 
snowflake would be about 0.003 cm’, or since the snowflakes are in more or 
less random directions, the effect of a light beam that can be intercepted can 
be taken to be about 0.002 cm. With a concentration of 0.003 flakes per cm®, we 
thus find that the amount of light intercepted is 6x 10-® per cm. The recip- 
rocal of this, or 170 meters, gives the effective free path of the light rays 
in reasonable agreement with the observation that the visibility was 1/8 mile 
(200 meters). 

It is also interesting to know whether snowflakes of this character would 
collide with one another and form clusters as they fall onto the ground. The 
effect can be estimated roughly by assuming that half the snowflakes are falling 
with a velocity of 40 meters per second while the other half fall at 70 meters 
per second. We find then that the change of any particular snowflake colliding 
with another is 0.005, and during this time, it travels an average distance of 
60 centimeters. Thus we see that on average, one of these primary snowflakes 
will fall only about 120 meters before it collides with another one. At the height 
of 2600 feet we will, therefore, have most of the flakes scattered in clusters. 
It is a common observation that the clustering of small snowflakes has almost 
no effect on the velocity of fall, and we see small clusters, large clusters, and 
hexagonal flakes falling side by side at a velocity of 150 centimeters per second. 

It thus seems that the seeding experiments of Flight 23 precipitated all 
of the condensed moisture from an area of roughly 50 square miles in the 
form of falling snow. Even if all the snow had fallen to the ground without melt- 
ing or evaporating, it would not have given more than 5 to 7 millimeters depth 
of snow. Actually, however, the humidity below the cloud was far too low 
to permit any snow or rain to reach the ground. 

It has been mentioned before that in planning these seeding tests, we have 
deliberately chosen to work with relatively thin clouds and small area seedings. 
From such experiments, however, we can draw very definite conclusions as 
to what would have happened if a similar seeding run had been made at the 
top of a stratus cloud 3000 or 4000 meters thick. Since the liquid water content 
of most stratus clouds is nearly zero at the base and often increases to a maxi- 
mum at the top, the total precipitable water is roughly in proportion to the 
square of the thickness. In such a case, the seeding, like that of Flight 23 which 
gave 3x10 snowflakes, could have given a precipitation of, say, five milli- 
meters; and over an area of 50 square miles (1.3 x 10% cm?), the weight of 
rainfall produced would have been of the order of 10® tons. . 

The data from Flight 23 may also be used to estimate effects that might 
be expected by the seeding of very large cumulus clouds. Consider, for ex- 
ample, a cloud which gives a total rainfall of one inch of water within half 
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an hour. If the raindrops are of the diameter of 4 millimeters, each drop will 
weigh about 0.003 g, and it will only take about 85 rain drops per square 
centimeter to give this rain, whereas in Flight 23 there were about 3000 snow 
crystals per cm*. Consider, also, a large cumulus cloud in which the active 
part covers an area about 20 square miles and the cloud top is 25,000 feet 
high and the base is at 5000 feet. With the dry adiabatic lapse rate below the 
cloud, the temperature would be 30°C at sea level, 16°C at the cloud base, 0°C 
at 15,000 feet, and —20°C at the top of the cloud. The liquid water content 
would increase from zero at the base to 3 g/m? at 10,000 feet, 5.2 at 15,000 feet, 
and 6.2 at 25,000 feet, the average liquid water content being 4.3. The total 
precipitable water would then be 2.6 centimeters. Of course, these figures 
may be reduced by the effect of entrainment of drier air into the cloud. On 
the other hand, in extensive cloud systems such effects are often not important. 
The number of ice nuclei which were actually found and introduced into 
stratus clouds in Flight 23 would appear to give snowflakes in the freezing 
level which could, in accord with the Bergeron-Findeisen theory, give heavy 
rain on the ground even without any increase in the number of nuclei originally 
present. 

There is conclusive evidence that in naturally occurring storms a small 
number of nuclei originally present can produce snowflakes which by various 
processes can then be multiplied, probably by fragmentation. Such effects 
should occur under favorable conditions with clouds which have been seeded. 
It is very important to conduct experiments so as to realize these conditions 
of self-propagating snow or rain storms. It has been pointed out elsewhere* 
that the snow crystals falling below the freezing level and melting can, in the 
case of a thick cumulus cloud with high internal vertical velocities, set up 
a chain reaction causing heavy rain to form from relatively few nuclei at the 
top. Seeding with dry ice, however, which produces enormous numbers of 
such nuclei could speed up the beginning of such reactions and, therefore, 
should sometimes give rain of exceeding severity. I believe such storms would 
be produced in tropical areas and more will be reported about these at a later 
time. 


The Propagation of Ice Nuclei in Stratus Clouds and the Effect of Stability 
in Cloud Layers 


In Table III it has been shown that in Flight 23 the seeding produced 
an increase in temperature at the base of the cloud of 0.1°C and 0.6°C at the 
top. If the seeding is done along a single line, and the dry ice pellets fall through 
the whole cloud layer, the seeding actually takes place over a vertical plane 


* I. Langmuir. ‘‘ The Production of Rain by a Chain Reaction in Cumulus Clouds at Temper- 


atures Above Freezing.’ Occasional Report Number 1, Contract No. W-36-039-SC-32427, 
(15 April 1948). 
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surface which is, at first of very limited thickness. The dry ice pellets do not 
fall strictly vertically but move laterally, probably to several meters, because 
of the irregular shapes of the falling particles. It is very important to study 
the mechanism by which these nuclei may be carried out as much as three 
miles from the original line of seeding within one hour in a cloud that has 
no appreciable internal turbulence. The spreading is, of course, produced 
by new turbulence set up due to the local temperature rise in the seeded por- 
tion of the cloud. 

Consider, for example, a vertical sheet of cloud having thickness B but 
extending vertically through the whole height of the cloud and horizontally 
with the plane of seeding. If we had only to consider a volume of air having 
a temperature AT above its surroundings, we would find that the warm air 
would rise and mix with the surrounding air and the temperature would thus 
be lowered. In the case of a seeded cloud, however, the conditions are very 
different. The number of nuclei is almost inexhaustible, and thus as the warmed 
part of the cloud which contains ice crystals and nuclei mixes with the super- 
cooled cloud surrounding it, the temperature of the whole mass that is involved 
rises and stays at the temperature, AT, above the surrounding cloud. Thus 
as the seeded layer gets thicker, the forces capable of producing and maintaining 
turbulence increase in magnitude. 

If we consider a sheet of cloud filled with ice nuclei where the temperature 
is AT, this parcel of air would seem to have a vertical acceleration equal to 
gAT/AT/T. This acceleration sets up velocities which increase with time, 
but frictional losses are also beginning to increase so that finally the velocity 
reaches a limiting value. 

In a large air mass, once a parcel of air is heated it tends to rise, but its 
movement involves the neighboring air masses. Thus the acceleration of the 
air and the terminal velocity are not as high as they would be if these surround- 
ing air masses did not exist. These effects can be taken roughly into account 
by dividing the acceleration by 2. We can thus calculate the order of magnitude of 
the velocities of seeded clouds by the following two equations:* 

o = (1/2)g(AT/T)t (20) 
and 

o = Ve(ATIT)S. (21) 
The first equation gives the increase in velocity during the period of acceler- 
ation, and the second equation gives the limit of terminal velocity after a cir- 
culation has been set. With a thin sheet of seeded cloud of thickness B, we may 
put S = 2B, for the vertical currents that are set up rise up to a distance of 


only twice the thickness of the layer before turbulence mixes them with sur- 
rounding air. The result is that the thickness of the layer, B, increases in pro- 


* Occasional Report No. 1, page 26. 


7 Langmuir Memorial Volume XI 
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portion to the square root of time roughly according to the following equation: 
B = (1/8)gé*(AT/T). (22) 


Taking this change in thickness into account, one can then calculate that the 
velocity of the updraft of the seeded sheet is 


o = (1/2)gt(AT/T). (23) 


With the rise of temperature of only 0.5°, it can be calculated that within 
three minutes, terminal velocities of 1.5 meters can be set up in the seeded 
area and that the thickness by that time will have reached about 100 meters. 
The above calculations are, of course, based on the assumption that there 
is no inherent stability within the cloud, that is, before the seeding the lapse 
rate corresponds to the saturated moist adiabatic. 

It is evident that when the thickness B of the seeded layer becomes half 
the thickness of the cloud, S,, the foregoing equations no longer apply. You 
can, however, use Equation 21, replacing S with S,. If we use the data 
of Flight 23 using S, = 105 cm, putting AT as 0.40°, the average temperature 
rise produced by seeding, we find that the terminal velocity of the vertical 
currents would be about 4 meters per second or about 9 miles per hour. 
This vertical velocity would occur, of course, in a region a few hundred meters 
thick near the edge of the seeded pattern. Within the interior of the pattern, 
temperature is uniform and vertical currents would die out. These vertical 
updrafts from the inside of the pattern near this boundary will carry the ice 
nuclei upwards and spread them out over the surrounding area. The fact 
that the horizontal propagation velocities of about 1.5 meters per second are 
observed is not surprising. 

Let us consider what would happen if the air mass S, is stable, that is, 
it has a temperature lapse rate A less than 4) which we take to be the saturated 
adiabatic lapse rate. Under these conditions, it is easy to see that a tem- 
perature rise, AT, at any given place in the cloud will cause that air parcel to 
rise only to a height S above its original position given by 


S = AT|(Aj—A). (24) 


Since according to Eq. 21, the velocity v varies only in proportion to the square 
root of S, we still have considerable vertical velocities at the boundary of 
the seeded area even though there is very marked stability. Under the conditions 
of Flight 23, it was seen that the saturated adiabatic lapse rate of a cloud layer 
would be 2.0°C per 1000 feet, which corresponds to A) = 0.67 x 10-4 deg/cm. 
If now we assume that the lapse rate in the cloud is only half as great, viz., 
1.0°C per 1000 feet or 4 = 0.33x10-* as in the above case, then v = 1.5 
meters per second instead of 4.0 meters per second. So, even in these stable 
clouds there could still be a reasonable rate of propagation. As each parcel 
of air containing ice nuclei rises to a new level, it spreads out to that level 
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coming into contact with the seeded cloud and causes a rise in temperature 
in the new parcel so that again we have a new propagation in a higher layer. 

If there is already turbulence within the cloud, then it would appear that 
the effects of seeding may propagate much more rapidly. In large cold cumulus 
clouds, for example, the effects may be expected to propagate very rapidly 
throughout the cloud. 


The Effects of Overseeding 


In the foregoing analysis of Flight No. 23, the rate of growth of snowflakes 
as given, for example, in Table IV has been calculated on the assumption 
that the snow nuclei are so far separated that each is surrounded by water 
vapor saturated with respect to water. If a limited volume of cloud is seeded 
with relatively large amounts of dry ice, enormous numbers of minute ice 
nuclei are formed, the water drops evaporate, and cause these minute nuclei 
to grow. However, there is not enough water vapor to allow them all to grow 
to very large size. The original cloud may have had, for example, 200 to 
500 water droplets per cm*, whereas the number of new ice crystals formed 
may be 10 or 100 times greater. If there are too many, the smaller ones will 
evaporate to give vapor which condenses on the larger ones. In any case, 
the number of ice crystals will be larger than the number of water droplets 
originally present. Such an ice cloud may be more stable than one which grew 
from a cloud of liquid water drops and the velocity of fall of the particles may 
remain negligible.. Along the lines of seeding, an L-shaped pattern, there 
frequently remains a cloudy area which persists long after the surrounding 
clouds have dissipated. An excellent example of such an effect is seen in photos 
Nos. 67 and 68 where the six ice crystal clouds have persisted long after most 
of the other clouds have disappeared. 

In the seeding of small cumulus clouds, one usually finds just this effect — 
the seeding produces no visible snow fall, and no one but a skilled observer 
detects the change from a supercooled cloud to one consisting of ice crystals. 
It is only by looking for halos and brightness at different angles that one sees 
the ice in the cloud. 

In the case of an unbroken deck of stratus clouds, however, the seeded area 
is always surrounded by one in which there are no ice crystals. In this re- 
gion of low concentration of ice crystals, snowflakes grow rapidly so that as 
they accumulate, they fall out of the cloud. It is, therefore, near the edges of 
the seeded area that one finds the broken edges. The seeded area frequently 
remains filled with ice crystals which cut down the visibility. 

It is planned in future flights to study the seeding of stratus clouds with 
particular emphasis on the production of large cleared areas suitable for landing 
of aircraft. We, therefore, plan to fly a flight pattern as follows: Fly the plane 
first in a direction approximating that of the wind movement about 10° to 
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the left of the wind. Fly a straight line for about 20 miles seeding at the rate 
of about one pound per mile. Then make a sharp left turn for a radius of one 
mile, continuing seeding. After turning through an angle of 155°, straighten 
out, cross the original seeded line, and on the new course fly 20 miles while 
continuing seeding. We thus have a seeded pattern which consists of a huge 
V with an ellipse on the upwind vertex and with two huge arms 20 miles long. 
On the inside of the V near the apex and in the ellipse, the effects of over- 
seeding will be apparent, but as the effects propagate from both seeded lines 
towards the axis of symmetry, the concentration of ice nuclei decreases and, 
therefore, the size of snowflakes increases in size and a long clear line should 
be left along this axis which is free even from snowflakes. I believe that experi- 
ments conducted in this way will be particularly valuable in studying the feasi- 
bility of clearing large areas for use of aircraft. 

Under favorable conditions, the converging seeded areas near the axis 
may give self-propagating effects which we desire to know more about. 
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PROGRESS IN CLOUD MODIFICATION 
BY PROJECT CIRRUS* 


Research Laboratory Report No. RL-357, April (1950). 


: Part I 
The Control of Precipitation from Cumulus Clouds by Employment of 
Various Seeding Techniques 


Last year at the meeting of the American Meteorological Society, a description 
was given of Project Cirrus seeding experiments with both stratus and cumulus 
clouds. This year, the effects of different types of seeding upon the growth 
and modification of large cumulus clouds will be considered. 

Cumulus clouds are formed when moist air is heated by the sun’s rays 
shining on underlying land. As the warmed air rises, it cools until finally at 
a certain altitude the moisture condenses at the cloud base forming small 
cloud droplets. By this condensation of moisture, a great deal of heat is generated 
which may overcome locally the natural stability of the atmosphere. The 
formation of the cloud, therefore, increases still more the tendency of the air 
to rise, so that once started, the cloud continues to rise and even accelerate 
until stopped by an overlying layer of very stable air. 

When the cloud reaches the freezing level, the water drops in the cloud 
ordinarily do not freeze. The cloud is then said to be supercooled. 

The particles in the supercooled cloud turn to ice only if there are minute 
particles of ice or certain other foreign particles called sublimation nuclei. These 
particles are sometimes already present or they may be introduced artificially 
by the seeding techniques described by Dr. V. J. Schaefer and Dr. B. Vonnegut 
in 1946. ; 

If no nuclei are present or if there are too few, the cloud may rise to very 
great heights where the temperatures are far below freezing without the for- 
mation of any appreciable number of snow crystals. Such clouds ordinarily 
give no rain. The cloud may rise with increasing velocity to a height of 25,000 
feet or 35,000 feet, and its inertia may carry it up to and even through a layer 
of stable air (temperature inversion), so that it becomes colder than the surround- 
ing air. It then slumps back to a lower level, and some of the moisture 


* Summary of a paper presented January 25, 1950 before the American Meteorological Society 
in New York City. 
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that has previously condensed evaporates again. Under such conditions, 
no rain is produced. 

If, however, the cloud rises so high that the temperature gets down to 
—39°C, as it usually does at about 33,000 feet altitude, ice crystals of very 
minute size are formed in great numbers and almost instantaneously. The 
number of such particles may amount to 10" per cubic centimeter. These 
come into contact with the supercooled water droplets and immediately cause 
them to freeze. This liberates a large amount of heat simultaneously over 
the whole top of the cloud, and this upper part of the cloud rises still further. 
The top of the cloud thus forms a huge vortex ring which may be called a ‘‘ring 
crown’’. This is an irreversible process. If, for any reason, the cloud descends 
again, it will never go as low as if the ice crystals had not been formed. The 
heat generated usually makes the top of the cloud float off, separating it from 
the lower part and giving a circular-shaped ice crystal cirrus cloud, originally 
the shape of a pancake and during its early stages like the top of a mushroom. 

The ice crystals that then exist in the cloud have the same size as the 
original water drops. The ice crystals do not fall out of it any more easily than 
do the water droplets of any ordinary high-altitude supercooled cloud. The 
pancake grows in dimension and gets thinner, and it usually increases in 
diameter at the rate of about 25 mph. At these very high altitudes, the wind 
is sometimes in a different direction from that near the lower part of the cloud, 
so the pancake gradually drifts off to one side. 

The ordinary anvil top of a thunderstorm in the north Temperature Zone 
of the United States is usually very unsymmetrical. These circular-shaped 
pancake ‘‘anvils” that are characteristic of the tropics are not often seen 
here. These particular clouds are referred to as ‘‘cirrus-pumping”’ pancake or 
mushroom clouds. One large cloud of this type may sometimes give cirrus 
clouds which spread over 10,000 square miles. Outside of the tropics, they 
may often occur during the summer in semi-arid regions such as New Mexico 
or Arizona. Dr. Schaefer has observed them in Idaho during the summer. 
I have never seen a cloud of this type in the eastern part of the United States. 

The characteristic thing about these convective clouds is that they form 
when the number of nuclei present in the atmosphere is so small that the 
ice crystals that develop in the cloud are not sufficient in number to use up 
any large fraction of the water in supercooled droplets. Therefore, the few 
ice crystals that form grow to relatively large size and fall out without setting 
up a chain reaction. 

The large area of cirrus clouds usually formed by the cirrus-pumping 
mushroom provides shade for the underlying land and prevents the heating 
of the land and the growth of other cumulus clouds in the immediate neigh- 
borhood. For this reason the conditions that lead to cirrus-pumping mushroom 
clouds make the production of rain from such clouds a very inefficient process. 
This is one of the main reasons that there is so little rain in Honduras and 
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Costa Rica and other parts of Central America during the dry season. There 
is usually no lack of clouds over the higher mountains of these countries, but 
the clouds that do form often rise to 35,000 feet and even 40,000 feet and 
yet give no rain. 

The question arises, ‘‘How does rain form from cumulus clouds?’ Nuclei 
must be present in order to get rain. Let us consider how rain forms naturally 
from cumulus clouds. The sublimation nuclei that occur in the atmosphere 
vary in concentration from about 1 particle per cubic meter of air to about 
10’ particles per cubic meter. They vary tremendously at different times and 
places. Furthermore, the naturally occurring nuclei differ in regard to the 
temperature at which they become effective. Most naturally occurring subli- 
mation nuclei are not effective unless the temperature is below about —20°C 
(O°F). That is, clouds that contain such nuclei will have ice crystals forming 
only when the clouds reach high altitudes, such as 25,000 feet or 30,000 feet. 
In other cases, the nuclei may become effective at lower altitudes so that the 
ice crystals begin to form at much lower altitudes. 

If the concentrations are low — about 100 or 1000 per cubic meter — 
only one snow crystal forms in the supercooled cloud for each nucleus present. 
These grow rapidly in size and soon begin to fall, so that in a cloud without 
high vertical velocities the snowflakes fall out of the cloud as fast as the nuclei 
enter it, and the result is that nothing happens — just a trace of rain falls. 

To produce heavy rain, a chain reaction must occur by which one snow 
crystal produces two, and two produce four, and four make eight, etc., 
giving a run-away effect. This is like the spread of a contagious disease or like 
a fire spreading through a hay stack. The chain reaction which leads to a thun- 
derstorm or any very heavy storm usually starts by a fragmentation of the 
snowflakes. The snow crystals begin to collect into aggregates and then knock 
against one another and break into fragments which are carried back up into 
the cloud so that each in turn grows into a large snowflake. 

The conditions that are necessary for the beginning of such a chain reaction 
are very critical. There has to be a certain minimum number of nuclei of a given 
type, and the process is greatly helped by turbulence within the cloud. The 
critical conditions occur at some one point in the cloud at a certain altitude 
and time rather than throughout the cloud as a whole. Thus, the cloud that 
develops is unsymmetrical and is entirely different in shape from that which 
occurs in the mushroom cloud of the tropics where the whole top of the cloud 
suddenly goes over into ice crystals when the cloud reaches the level correspond- 
ing to —39°C. 

Where the chain reaction starts, there is a local evolution of heat. If this 
occurs first at a rather low altitude, then the warmer air produced by the 
freezing of the moisture rises and stirs up the whole cloud. If heat is 
generated near the ceiling of a closed room, the hot air stays there, but if it 
is introduced near the floor, it stirs up all the air in. the room. 
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It can be concluded that heavy natural rain from large supercooled cumulus 
clouds occurs only when both of two separate conditions are fulfilled. First, 
the weather conditions must be favorable; that is, the synoptic situation must 
be favorable. There.must, for example, be sufficient moisture and wind to 
carry it to the place where the cloud is growing. Second, there must be 
a concentration of sublimation nuclei to generate sufficient heat within the cloud 
to overcome the stability of the atmosphere and cause the clouds to grow 
rapidly and produce the turbulence needed to set up the chain reaction essential 
for the occurrence of self-propagating heavy rain showers. 


Effects that Can be Produced by Artificial Seeding 


In the early experiments in seeding cumulus clouds with dry ice, relatively 
large amounts of dry ice were dropped at the top of the clouds. The dry ice 
was crushed to such sizes that there were many fragments about 1/2 inch or 
3/4 inch in diameter which would fall through the entire cloud and reach the 
freezing level before evaporating. In this way, enormous numbers of minute 
ice crystals or sublimation nuclei consisting of ice are produced at all levels 
within the cloud. This may frequently lead to overseeding, i.e. so many nuclei 
being produced that the available water in the cloud is divided among so many 
snowflakes that these may become even more numerous than the original 
water drops. This tends to prevent the falling out of the snowflakes and, because 
of the heat generated, tends to make the top of the cloud float off, separating 
itself from the lower part. This usually or frequently results in dissipating 
the cloud and preventing the cloud from giving rain that might otherwise form. 

The use of single pellets of dry ice, about 3/4 inch or 1 inch cube, may 
have distinct advantages for seeding. Although they produce a high concentra- 
tion along the path of the falling pellet, the cloud as a whole will have parts 
that are underseeded. Under these conditions, large snowflakes will form 
at all altitudes above the freezing level, and this is more apt to produce self- 
propagating storms and may lead to heavy rain. The best results are obtained 
by putting the pellet into the cloud at the right place and at a time when the 
cloud is ripe or has grown to a condition capable of sustaining a continuing 
chain reaction. 

The production of heavy rain from a large cumulus cloud may frequently 
best be obtained by using single pellets of dry ice shot into the side of 
a cloud from a Very pistol. For this purpose, the plane does not need to 
enter the cloud but can fly near the outer surface, and the pellet can be shot 
to a horizontal distance of 700 feet or more into the cloud. 

If this is done at a height of 1000 or 2000 feet above the freezing level, 
the heat generated by the freezing of the supercooled water droplets is generated 
only in the lower part of the cloud. This increases greatly the turbulence and 
favors the start of a chain reaction. 


Google 





Progress in Cloud Modification by Project Cirrus 105 


The best method to produce the dissipation of large cumulus clouds or 
to prevent further growth is to introduce high concentrations of ice nuclei 
near the top of the growing cloud. This localized overseeding of the top can 
conveniently be done by the use of a device called a ‘‘Trickler”, which lets 
liquid carbon dioxide escape through a hole 0.003 inch in diameter in a thin 
metal plate at the end of a metal tube connected to an inverted cylinder of 
carbon dioxide. 

Although this uses only a few grams per second, it gives enormous numbers 
of ice nuclei along the line of seeding, but the minute snow crystals do not 
fall into the lower part of the cloud. The upper part of the cloud thus 
lifts off from the lower part, and the ice crystals formed do not get into the 
part of the cloud where they could cause turbulence and set up a chain 
reaction. It is also possible to use very finely pulverized dry ice having no pieces 
of a size sufficient to enable them to fall more than a few hundred feet before 
evaporating. Instead of this, a single large piece of dry ice in a hair net 
can be towed behind the plane. 

There are many advantages of artificial seeding. By properly choosing the 
location of the point of seeding, effects can be produced that do not occur 
naturally. Under natural conditions, varying probabilities of rain production 
are found, depending upon the number and type of natural sublimation nuclei. 
In the tropics during the dry season, the number of nuclei is low, and the 
nuclei give spontaneous seeding of the clouds only at very high altitudes or 
ice forms spontaneously only at the level of —39°C isotherm. 

Further north, it is more common to have nuclei that are effective at higher 
temperatures, and they may be present in larger numbers so that clouds 
frequently tend to seed themselves at low altitudes. 

The cirrus-pumping mushroom clouds of semi-arid regions ordinarily 
give no rain or are very slow in starting to produce rain. When nuclei, such 
as those from dry ice or silver iodide, are introduced into these clouds at. 
elevations only a little above the freezing level, the cloud is completely modified 
within 10 or 15 minutes. The ice crystals are formed at low altitudes and grow 
rapidly to such size and number that they start the chain reaction long before 
the cloud reaches the —39°C level, and thus the cloud becomes an efficient 
rain producer. 

Of course, the pancake top can be prevented from forming if the cloud 
is seeded when it reaches altitudes where the temperatures are only —10°C 
or —20°C. One or two pellets of dry ice introduced just above the freezing 
level are enough to cause this transformation of a cloud into a more efficient 
rain producer, and the cloud then continues to produce rain as long as its 
supply of moisture holds out, because many of the ice crystals that are 
formed by seeding at low altitudes remain in the cloud and are carried up into 
and subsequently fall out from any anvil top that may develop. Snow is 
thus entrained into the lower parts of neighboring cumulus clouds, and the 
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widespread overcast of cirrus clouds is prevented. Nearly all the moisture in 
the cloud comes to the ground in the form of rain. With the circulation 
set up by a chain reaction, such clouds may continue to give rain for many 
hours. 

Silver iodide smoke introduced below the cloud base, either on the ground 
or by a plane flying below the cloud, is an exceptionally easy and advantageous 
way to increase the rainfall in those areas where cirrus-pumping cirrus would 
normally prevent rainfall. Seeding of this kind may modify the synoptic situation 
over wide areas. 

The man who uses seeding methods to control the behavior of cumulus 
clouds to prevent rain or to obtain maximum rain at a given time and place 
has a problem analogous to that of a surgeon carrying on an operation. It makes 
a great deal of difference where the surgeon inserts the knife. Similarly, the 
control of a system of cumulus clouds requires knowledge, skill and experience 
to know when, where, and how to use a seeding agent. 

The failure to consider the importance of the type of seeding, the place 
and time of seeding of large cumulus clouds and also the failure to select 
the best available clouds may explain why the Joint Weather Bureau, U.S. 
Air Force, Cloud Physics Project was unable to obtain ‘‘rainfall of economic 
importance.” 


Part II 
Seeding Increases the Probability of Rainfall in New Mexico 


For many years, I have been developing philosophical ideas in regard to 
cause and effect relationships in science.* The causality that used to be 
characteristic of classical physics applies strictly only to convergent phenomena 
which depend upon a large number of separate events whose effects converge 
to give a well-defined average. There are, however, in atomic physics, as well 
as in human affairs and meteorological phenomena, what we may call divergent 
phenomena where large important events grow from small beginnings producing 
diverging results, Shower formations such as those in arid regions like New 
Mexico are good examples of divergent phenomena. 

On this basis, the synoptic situation and the concentration of sublimation 
nuclei are important only insofar as they determine the probability that a shower 
will occur. Neither factor alone is the direct cause of the shower that occurs 
at a definite place or time. 

To get a heavy shower or thunderstorm requires the presence of natural 
or artificial nuclei in sufficient numbers to convert a portion of the supercooled 
cloud into ice crystals, thereby generating heat sufficient to overcome the stabil- 
ity of the atmosphere and set up a chain reaction in the production of new 
snow crystals. 


* Science, Common Sense, and Decency. Science 97, pp. 1-7, (January 1, 1943). 
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According to the Boltzmann equation, the number of molecules per second 
that evaporate from a given heated surface of any known substance is given by 


n/n, = exp(—Q/KT), (1) 
where my is a constant, Q is the heat of evaporation per molecule or the 
energy per molecule that must be overcome in the escape of the molecule 
from the surface forces, and KT measures the average kinetic energy of the 
molecules. 

By analogy, it may be assumed that the probability of the start of a shower 
in a given area and time interval varies in a similar way with the ratio of 
two energies; that needed to overcome the atmospheric stability, and the 
energy available by the conversion of supercooled water droplets into ice 
crystals. In a semi-arid country like New Mexico we may take the average 
rainfall R in a 24-hour period over an area as a measure of the probability 
of shower formation. We are thus led to the equation: 


R/Ry = exp(—C,/C), (2) 
where R, is the maximum average rain over the area that could be produced 
by the optimum concentration of nuclei, C is the actual concentration of nuclei, 
and C, is the concentration that would be needed to make R/Ry = 1/e = 0.37. 
The quantity C, is determined by the synoptic situation, which is presumably 
determinable from data given on weather maps with additional data involving 
local conditions such as orographic effects. Thus, the probable rain depends 
on the ratio between two factors C,/C, where the first factor is a measure of 
the synoptic situation (used alone by Weather Bureau forecasts), and the second 
factor is the concentration of sublimation nuclei, natural and artificial. 

Eq. (2) can also be written 


C/C, = 1/1n(Ry/R). (3) 


Thus from observed rainfall data, we can calculate C/C,. 

If sublimation nuclei are generated at a point on the ground or in the air, 
then in presence of vertical convection that distributes the nuclei the concentra- 
tion of the artificial nuclei will vary inversely as the distance D from the 
source at distances beyond that required for uniform vertical mixing. Thus 
the quantity C/C,, found from the observation, will vary linearly with the 
reciprocal of the distance D, so that in general, if C, is reasonably constant 


C/C, = C,+E|D, (4) 


where C, is a measure of the natural nuclei already present in the atmosphere 
and E is a constant under given conditions. 

The concentration of nuclei over large areas can be increased by introducing 
silver iodide smoke from a generator on the ground or from an airplane 
(B. Vonnegut, 1946). If the nuclei are liberated on the ground, they become 
effective only after convective activity is set up during the day by the heating 
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of the ground by the sun’s rays so that the nuclei are carried up to the higher 
levels of the atmosphere where the temperature is below —8°C. The second 
factor, which depends on the stability of the atmosphere, is determined by 
the prevailing weather conditions or, as the meteorologist says, the synoptic 
situation. : 

The Weather Bureau has operated on the assumption that weather forecasting 
depends only on the synoptic situation, and they have consistently ignored 
the essential part that must be played by the presence of sublimation nuclei. 

Dr. Schaefer at the last meeting of the American Meteorological Society 
in’St. Louis on January 4 presented a paper describing the results of Flight 
110 on July 19, 1949 near Albuquerque, New Mexico. The positive results 
which he described were produced by dry ice seeding. 

Seeding experiments have been conducted by Project Cirrus, in New 
Mexico in October, 1948 and July, 1949. Flight 45 on October 14, 1948 
near Albuquerque was described at the meeting of the American Meteorological 
Society last year on January 25. It was found that about 0.35 inch of rain 
was produced over an area of at least 4000 square miles by seeding operations 
carried on that day. This corresponds to 100,000,000 tons of rain. Subsequent 
analysis has now shown that the rain area corresponded to a total rainfall of 
about 800,000,000 tons, which corresponds roughly to about 200 billions of 
gallons of water. 

Four seedings were carried out on that day. The first one in the morning 
was done by Dr. Vonnegut’s method with about two ounces of silver iodide 
dispersed by dropping impregnated burning charcoal pellets from an airplane 
at 12,000 feet. The other three seedings involved amounts of dry ice from 
15 to 25 pounds. Very striking results were produced by the seeding with 
the dry ice, and two thunderstorms were produced which were photographed 
for about an hour and a half. 

I wish particularly in this paper to describe the more widespread effects 
that were produced by the operation of the silver iodide generator on the 
ground during July, 1949 near Albuquerque. The first seeding with silver 
iodide during this stay in New Mexico was on July 15, 1949, but the generator 
was not run for more than a couple of hours on each day thereafter until the 
19th when it was operated for a short time only late in the afternoon. On 
July 20 it was not operated at all, but on the 21st it was operated for 13 hours, 
starting about 5:30 a.m. and using 300 grams or a total of 2/3 pound of silver 
iodide. 

Tests made by Dr. Vonnegut have shown that each gram of silver iodide 
dispersed under these conditions produces 10'* sublimation nuclei that are 
slowly effective at —5°C, but very rapidly effective at —10°C. 

The new probability theory that has been outlined above has served as 
a valuable guide in devising an objective method of evaluating the distribution 
in space and time of the rain which follows the operation of the silver iodide 
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generator on the ground or in the airplane flights near Albuquerque. To illustrate 
the results, we will analyze the data obtained on two days, October 14, 1948 
(Flight 45) and July 21, 1949 (Flight 110). These days were chosen because 
large amounts of silver iodide were used, but no seeding was done on the 
immediately preceding days. Furthermore, the wind direction on both days 
was rather similar. On both days, the Weather Bureau predicted no sub- 
stantial amounts of rain. Both mornings were nearly cloudless and on both 
days SW winds prevailed from the cloud bases at 12,000 feet up to 20,000 feet. 
At lower and higher altitudes and later in the day there were also winds from 
the E, W, and NW. On both days, visual effects indicating thunderstorms 
and heavy rain over wide areas were observed a few hours after the start of 
the seeding operations. 

In the July operation, our techniques had been much improved compared 
to those of the preceding October. In October radar observations covered 
only a period of about an hour in the afternoon, for at that time it was not 
suspected that the rain that lasted well on to the morning of the 15th had 
anything to do with the seeding. 

On July 21, 1949, however, we had complete radar coverage from early 
in the morning until late at night. Photographs of the clouds were taken 
not only from planes but from the ground, including lapse-time motion pictures 
with photographs every few seconds. 

Shortly before 8:30 a.m. on July 21, 1949, a single large cumulus cloud 
began to form about 25 miles S of the field station near Albuquerque in 
a sky that was otherwise cloudless. This cloud was located near the Manzano 
Mountains, and the silver iodide smoke had been blowing from the N about 
10 mph so that it should have reached the position of the cloud. Between 
8:30 and 9:57 the cloud grew in height slowly at the uniform rate of 160 feet 
per minute. At 9:57, when the top of the cloud was at 26,000 feet (temperature 
—23°C) the upward velocity ‘of the top of the cloud increased quite suddenly, 
so that the cloud rose 1200 feet per minute until at 10:12 it had reached 
44,000 feet (temperature —65°C). At 10:06 when the top of the cloud was 
36,000 feet (temperature —49°C) the first radar echo return was obtained 
from the cloud at an altitude of 20,500 feet (temperature —9°C). The distance 
given by radar was 25 miles at an azimuth of 165° which was exactly where 
the cloud was found to be from visual observations. The area of precipitation 
in the cloud was about 1 square mile at that time and was deep within the 
mass of the cloud. Within 4 minutes, the precipitation area had increased to 
7 square miles and within 6 minutes after the first echo appeared, the precip- 
itation had extended upward to 34,000 feet where the temperature was —43°C. 

The chain reaction in this cloud started at low altitude at a time and place 
which agreed well with the- trajectory of the silver iodide smoke. 

The first flash of lighting was seen at 10:10, four minutes after the first 
radar echo was detected. In all, perhaps a dozen flashes of lightning formed 
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from this cloud, and very heavy rain was seen to fall to the ground. The top 
of the cloud moved towards the W, but the lower part of the cloud from which 
the rain was falling moved gradually to the NE. 

At 10:47 a second cloud about eight miles still further to the NE developed 
a radar echo and from that time on during the day, there was an increasing 
number of rain storms giving very heavy showers in the neighborhood. During 
the late afternoon 1.2 inches of rain fell at the station where the generator 
was located. The phenomena observed near and at Albuquerque from the 
ground and the radio reports of exceptionally heavy rain at Santa Fe gave 
immediate evidence of the success of this operation in producing heavy rain. 

An evaluation of the results of these two days of seeding involves a study of: 

I. Radar Data — A full analysis of these will be reserved. for later reports. 

Il. River Flow Data —On the morning of July 22. I had occasion to 
fly from Albuquerque to Los Alamos and on the way passed over Domingo 
on the Galisteo Creek near the place where it enters the Rio Grande River. 
This creek looked like a large river carrying perhaps a third as much water as 
the Rio Grande. I asked the pilot about this stream and he said that it was 
merely a dry wash and that never before had he seen any appreciable amount 
of water in it. Recently, I have obtained from the U.S. Geological Survey 
through the kindness of Mr. S. E. Reynolds of the New Mexico School of 
Mines at Socorro, data on the flow in the Galisteo Creek for every day since 
June 1946 and similar data for the Pecos River at Santa Rosa. Within the 
30-hour period after the river flow began on July 21 the flow in the Galisteo 
Creek amounted to 3,000,000 tons or 0.65 billion gallons. The area of the 
water shed of the Galisteo River is about 500 square miles. The flow in the 
Pecos River amounted to 12,000,000 tons or 3 billion gallons, and the area 
of the basin is 2700 square miles. 

It is of interest to note that the average flow rate of 3900 cubic feet per 
second for the day of July 21, 1949 in the Pecos River was considerably higher 
than any day since June 1946. In the case of the Galisteo River there was only 
one day in that three-year period that gave slightly more rain than on July 21. 

III. Rain Gauge Data—The Weather Bureau publishes each month — 
Climatological Data for New Mexico about two months after the end of the 
month in which the data were recorded. About 300 stations well distributed 
over New Mexico give the total rainfall for each day and of these about 
70 stations give hourly reports of rain. For the tests that Project Cirrus 
made in July 1949, the Weather Bureau also installed 24 additional recording 
rain gauges within the range of about 40 miles of Albuquerque. Several months 
have been spent in making a careful analysis of these rainfall data and even 
extending them into the states of Arizona, Colorado, Kansas, Oklahoma, and 
Texas. 

The Weather Bureau observer with Project Cirrus in New Mexico stated 
that he considered it possible or even probable that seeding operations carried 
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on there could have increased the naturally-occurring rain by five per cent, 
but certainly not more than 10 per cent. If this were true, it would be possible 
to conclude that seeding operations have economic value only if experiments 
are carried on many hundreds of days, and a statistical analysis is made of 
the rainfall data for all of these operations. 

The rainfall data actually show, however, that the rainfall on both October 
14, 1948 and July 21, 1949 was exceptionally high and could not have possibly 
been accounted for as the result of naturally-occurring rain. This proof is made 
by the analysis described in this paper. 

The map of the state of New Mexico, which represents about 120,000 
square miles, was divided into eight octants or 45° sectors radiating out from 
Albuquerque. Then concentric circles having radii of 30, 75, and 125 and 175 
miles were drawn on the map. This divided the whole state into 27 regions 
whose average distances and directions from Albuquerque were known. 

By entering on the map for each of these regions the average rainfall for 
Flights 45 and 110, a comparison could be made of the distribution of the 
rain on those two days. An objective way of evaluating the similarity between 
such two distributions is to employ the statistical device known as the cor- 
relation coefficient. This was found in this case to be +0.78-40.076. The 
chance that such a high value would occur among these figures if one set of 
them were shuffled giving a random distribution is only 1 in 10. Such close 
agreement in the distribution on two days could thus hardly be the result 
of chance. There must be an underlying cause. We believe that the close simi- 
larity in distribution is dependent not only on the rather uniform synoptic 
situations over the states that prevailed on these days, but also depended on 
the fact that on both days the probability of rainfall depended on the nuclei 
that spread radially out from Albuquerque, the concentration decreasing as 
the distance from Albuquerque increased. 

The next step was to investigate just what characteristics of this distribution 
were so similar on these two days. On each of the two days, nearly all of the 
rain that fell occurred within four of the eight octants. If each sector were 
divided into 4 to 6 parts arranged radially so that each would contain equal 
numbers of observing stations (about eight per region), the analysis showed 
that the average rainfall rose rapidly to a maximum in intensity about 30 miles 
from the point of seeding and that in each of the four sectors it decreased 
regularly as the distance from the source of the silver iodide smoke increased. 
In fact, this decrease followed quite accurately Equations (2) and (3) which 
indicated that the rainfall depended on the concentration of nuclei, and this, 
in turn, varied inversely in proportion to the distance from the source. This 
analysis makes it possible to separate the effects of the artificial silver iodide 
nuclei from that of the background of sublimation nuclei that were already 
present in the atmosphere. The analysis gave proof that C, = 0, so that there 
was no appreciable background on each of these two days. We must conclude 
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that nearly all of the rainfall that occurred on October 14, 1948 and July 21, 
1949 was the result of seeding. 

The agreements between the intensity of the average rainfall in separate 
regions and the theoretical equations were so good in each of the four sectors 
on October 14 and July 21 that the probability factors for each sector ranged 
from 10* to 10%. Taking all the octants together, the probability factor rose 
to about 10 to 1. 

IV. Time of Starting of the Rain and its Variation with the Distance from 
the Generator — For each of the eight octants that gave appreciable rain, 
the rain started progressively later as the distance from the source of the silver 
iodide increased. The advancing edge of the rain area thus moved from Albu- 
querque on July 21 at a velocity of about 15 mph and on October 25 at a speed 
of about 25 mph. These velocities agree well with the wind velocities observed 
at various altitudes. 

The method of the correlation coefficient can be applied to the relation 
of the time of the start of the rain to the distance from Albuquerque. This 
indicates that there is another probability factor which is the order of 10* to 1. 

Taking these results altogether, it seems to me we may say that the results 
have proved conclusively that silver iodide seeding produced practically all 
of the rain in the state of New Mexico on both of these days. 

I have not mentioned what happened on the other days. The results, although 
somewhat more complicated due to the overlapping of the effect of seeding 
on successive days, are almost as striking as those of Flight 45 and 110 in which 
we used silver iodide seeding. Very high probability factors are found which 
help confirm the results indicated by the analysis of Flight 45 and 110. 

The total amounts of rain that fell in the state on the two days as a result 
of seeding were found to be 800 million tons on October 14, 1948 and 1600 
million tons on July 21, 1949. If these units are not so familiar to you, I may 
say that on October 14, 1948 the total amount of rain resulting from seeding 
was 160 billion gallons and on July 21, 1949, 320 billion gallons. 

Dr. Vonnegut has measured the number of effective sublimation nuclei 
produced by the type of silver iodide smoke generator used in our New Mexico 
experiments for each gram of silver iodide used. On July 21, 1949, the 300 
grams of silver iodide generated yielded 3x10! nuclei. The analysis of the 
rainfall data shows that a concentration of 1 milligram of silver iodide, or 
1/30,000 of an ounce, per cubic mile of air is enough, under the synoptic con- 
ditions that prevailed in New Mexico, to give a 1 in 3 chance that heavy rain 
will occur during any one day at any place. Assuming the atmosphere to be 
5 miles thick, one thus finds that to get a 30 per cent chance of rain per day 
within a given area in New Mexico, the cost of the silver iodide is only $1.00 
for 4000 square miles. 

If similar conditions prevailed over the whole United States, the cost per 

- day to double the rainfall would be only of the order of a couple of hundred 
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dollars. This verified an estimate that I made in November 1947 in an address 
before the National Academy of Sciences that, ‘‘a few pounds of silver iodide 
would be enough to nucleate all the air of the United States at one time, so 
that it would contain one particle per cubic inch, which is far more than the 
number of ice nuclei which occur normally under natural conditions.” Such 
a distribution of silver iodide nuclei ‘in the atmosphere might perhaps have 
a profound effect upon the climate.” 

It is interesting to note that 30 milligrams (1/1000 ounce) of silver iodide 
(cost 0.2 cents) when distributed in 30 cubic miles of air liberates as much 
heat when it enters into the bases of large supercooled cumulus clouds six 
miles in diameter as the explosion of an atomic bomb. This is the heat freed 
when the supercooled cloud changes to ice crystals. 

I have been developing a new theory of the rate of growth of snow crystals 
in supercooled clouds containing known numbers of sublimation nuclei. It 
turns out that the initial growth occurs in accord with a diffusion theory pro- 
posed many years ago. But when the snow crystals grow to a size of a few 
tenths of a millimeter, and especially when the air is turbulent, the crystal 
grow 10 to 50 times faster than the rate given by the older theory. This is in 
accord with observations of the extraordinary speed with which some cumulus 
clouds turn into active thunderstorms, such as the cloud of July 21, 1949 
and another cloud on October 14, 1948. 

It is found that the concentration of 1 milligram per cubic mile, which 
was found to be so effective in producing showers, is just the concentration 
that is needed to convert all supercooled water droplets into ice crystals within 
about 4 minutes. 

From the probability theory of the growth of showers from artificial nucle- 
ation, one obtains the result that the total amount of rain produced by operating 
a ground generator increases in proportion to the square of the amount of 
silver iodide used. Thus, with 3 times as much iodide one would get 9 times 
the rainfall. The intensities of the showers would be no greater, but they would 
extend over a greater area. 

An analysis of the July 1949 rainfall in New Mexico, Arizona, Colorado, Okla- 
homa, Kansas, and Texas gives evidence that a band of heavy rain progressed 
in an easterly direction during the period of July 20 to July 23 from Southern 
Colorado across the southern half of Kansas, where it gave 3 to 5 inches of 
rainfall in many places. It may have been dependent on the silver iodide nuclei 
generated near Albuquerque between July 18 and 21 and in central Arizona 
between July 19 and 21. 

Furthermore, the heavy rains that spread throughout New Mexico from 
July 9 to 13 before the start of Project Cirrus seeding experiments appear to 
have depended on silver iodide seedings in Arizona on July 5 and 6. 

It is very important that regular tests on certain selected days of each week 
be carried out throughout the year, using amounts of seeding agents just 


8 Langmuir Memorial Volume XI 


Google 


114 Progress in Cloud Modification by Project Cirrus 


sufficient to obtain conclusive statistical data as to their effectiveness in 
producing widespread rain. ; 

It is to be expected that the results will vary greatly i in different parts of 
the country, because of the changes in synoptic situations. 

I believe the time is now ripe for beginning an intensive study of tropical 
hurricanes. It is highly probable that by using silver iodide generators at sea 
level in the regions where large clouds first begin to grow into incipient hur- 
ricanes, the hurricanes can be modified and even prevented from reaching land. 


Supplement 

The paper presented before the American Meteorological Society in New 
York on January 25, 1950 gave a summary of conclusions reached from the 
seeding experiments in Central America and in New Mexico. The evidence 
underlying these conclusions will be given in detail in subsequent Project 
Cirrus reports. 

In the discussion following the presentation of the paper in New York, 
Mr. William Lewis criticized the method of dividing the state into 27 parts 
in sectors radiating out from Albuquerque. He said that this ‘method of 
calculating a particular correlation coefficient, I believe, gives an exaggerated 
impression of the similarity of the rainfall distribution. His method of dividing 
the state into areas gives a rather large number of small areas in the near vi- 
cinity of Albuquerque, where the rainfall was quite high on both occasions.” 
He said he had made a similar calculation dividing the state into 30 almost 
equal areas and found a correlation coefficient that corresponded to a prob- 
ability factor of only 1 in 150 as compared to the 1 in 10’ found by Langmuir. 
Since, however, it was known that the seeding did take place near Albu- 
querque, it appears logical to investigate the question as to whether the rainfall 
was not in fact centered about the point of seeding, and not to dilute the cor- 
relation by including large areas of over 50,000 square miles far from Albu- 
querque in which there were no substantial amounts of ‘rain. 

In order to evaluate the validity of this criticism and to justify the conclu- 
sions I gave in the New York paper, I have prepared the tables and figures 
showing the actual rainfall distribution that followed the seedings of October 
14, 1948 and July 21, 1949. 

Another criticism was made by William Lewis after this presentation of 
the New York paper. He said that on that day, July 21, 1949, ‘‘there was a cold 
front lying across the State. There was a fairly high humidity extending up 
to the freezing level, and there were areas which could not possibly have been 
affected by the seeding.” 

The data of Fig. 2 and Table II show that about 30 per cent of the rain 
that fell in New Mexico on July 21, 1949 ‘‘could not have been affected by 
the seeding” at Albuquerque on that day, although the light scattered rains 
that fell in Sectors IV, V, and VI may have resulted from silver iodide seedings 
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RAINS OF OCT. 14, 1948 


Fic. 1. 


that were made near Phoenix, Arizona on July 19 and 20; the heavier localized 
rains at about 200 miles from Albuquerque in Sector II may have been due 
in part to silver iodide seeding at Albuquerque on July 19, 1949. On October 
14, 1948, only about 5 per cent of the rain ‘‘could not have been affected by 
the seeding”. 

In regard to the cold front and the humidity on July 21, 1949 that are con- 
sidered, a posteriori, to have been responsible for the rain, I will quote from 
notes that I dictated during the late evening of July 21, 1949: 
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AVERAGE RAINFALL 


Fic. 2. 


“The weather conditions in the morning were almost exactly like those 
of yesterday. The radiosonde data were taken at 8 a.m. this morning. Com- 
paring these data with other days showed that the air was drier than it had 
been on other days. There were no inversions of any importance, even up 
to 23,000 feet. Using Krick’s criterion, I may say that from the data at 8 o’clock 
in the morning on July 19 there were 6.1 grams of water per kilogram of dry 
air at the freezing level. On July 20, the figure had fallen to 4.2; and on July 21, 
which was the day of Flight 110, the mixing ratio was 3.6. During our stay 
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Rainfall Distribution in New Mexico following AgI Seeding Near Albuquerque 
Oct. 14, 1948 


State divided into areas according to Fig. 1 


Total area 121,700 sq. mi.; Total rain 11,070 sq. mi. in. = 592,000 acre feet; Rain from 
seeding = 10,540 sq. mi. in. = 564,000 acre feet or 95.3 per cent 


Within 30 miles: A sq. mi. 2830; Q sq. mi. in. 690; R in. 0244; D mi. 30 


Areas having 0.25” rain or more 



































































































































Sectors I 1 | mi] iv Vv vi | Vil | Vili 
NNE| ENE | ESE| SSE. | SSw _|WSw|WNwW| NNW 
A sq. mi. | 1570| 4400] 4400| 628 | — | — | — | — | 16,650 
Q sq. mi. in.| 640| 1850 | 1960 | 1700 — |—;—]— | 6150 
R in. “0.41| 0.42| 0.44] 0.27 a fe oa [Pee [> 087 
D mi. 70} 110] 110] 130 | — | — | 30] 30] — 
Areas having rains 0.1” to 0.25” 
A sq. mi. 2410 | 5940] 5940] 1730 — | — | 2160 | 1580 | 19,760 
Q sq. mi. in.| 390] 700] 1040| 170 — | — | 340] 280| 2920 
“Rin. | 0.46] 0.12] 048] o10 | — | — | 016| 018| 0.15 
D mi 405 | 165 | 165 146 30 | — | 80] 100) — 
Areas having rains 0.01” to 0.1” 
A sq. mi. 5470 | 5020 | 7000| 1680 | 22,350 | — | 4640| — | 46,160 
Qsq.mi.in. | 120] 166| 70} 140 | 500 | — | 280| — | 1276 
R in 0.022| 0.033|0.010| 0.08 | 0.022 | — | 0.06| — | 0.028 
Dm.  ——*'| -120| 166 30| 135, — | — 
Areas having no rain or specified amounts 
“A sq. mi. — | 3080 | 3110 | 11,450 — | 8750 | 1950 | 7960 | 36,300 
OQeqmiin. | —| — | — = = 3) — 35 
R in. eae eee eee | — |ooo#! — | — | 001 
D mi. 196 | 250| 290| 290 | 287 | 191 | 191} 198 
Totals for all sectors 
A sq. mi. | 9450 | 18,440 | 20,450| 21,140 | 22,350 | 8750 | 8750 | 9540 | 118,870 
Q sq. mi.in. | 1150! 2716 | 3070 | 2010 500 | 35 | 620| 280| 10,381 
"Rin, "/0.122| 0.148| 0.150] 0.095 | 0.022 | 0.004] 0.071 | 0.029| 0.087 
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Tasie IT 


Rainfall Distribution in New Mexico Following AgI Seeding Near Albuquerque 
July 21, 1949 


State divided into areas according to Fig. 2. 


Total area 121,700 sq. mi.; Total rain 25,080 sq. mi. in. = 1,342,000 acre feet; Rain from 
seeding 17,450 sq. mi. in. = 933,000 acre feet or 69.6 per cent 


Within 30 miles: A sq. mi. 2830; Q sq. mi. in. 1047; R in. 4.37; D mi. 30 


Areas having 0.50” rain or more 
Sectors I Il Ill IV Vv VI | VII | VIIT| Total 
























































































































































'NNE| ENE | ESE| SSE | ssw |WSW|WNW| NNW 
3190 | 5300} — — | — |1570| — | 15,550 
2630| 4810/ — | — — | 790) — | 11,470 
os2; on} — : — | — | 05 — 0.74 
S| ia ot oe oP wl . 
Areas having rains 0.10” to 0.50” 
A sq.mi. | 1740 | 4490| 4910] 14,000 | 11,680 | 8750 | 1260 | 2600 | 49,430 
“Q sq.mi.in. | 740] 930| 540/ 2930 | 1870 | 1340| 250| 700] 9300 
“Rin. | 0421 0.21| 0.11| 0.21 | 016 | 0.15 | 0.20| 0.27 0.18 
D. mi. 139 | 143| 164| 191 175 | 199; 90| — 
Areas having rains 0.01” to 0.10” 
Asq.mi. | — | 8080|10,240] — | 10,670 | — | 5920] 6940| 41,850 
Qsq.mi.in. | — | 360{ 103} — | 810 | — | 300] 230| 1800 
R in, 0.05 |0.033 | 0.043 
D mi. — | 19 | 290} — | 287 | — | 19 | 198 
Areas having no rain or specified amounts 
Asq.mi. | 2220| 2640) — 7140 | a lacs 12,000 
Qeqmiin. | — | 1400] — | 36) — | ae 1456 
R in. r — | 053] — | 0.005 | a eee 0.12 
_D mi. ~196 | 250] — 20 | — Pad 
Totals for all sectors 
A eq. mi. 9450 |18,440 | 20,450] 21,140 | 22,350 | 8750 | 8750 | 9540 | 118,870 
Q sq. mi.in. | 3980 | 5340 | 5450| 2970 1340 | 2120 | 930| 24,030 
Rin. - 0.42 | 0.290 | 0.266| 0.14 | 0.15 | 0.24| 0.10 | 0.202 
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here since July 12, there was only one day, namely, July 18, which was drier 
than today and the mixing ratio was then 3.1. 

‘Barometric pressures during the day were interesting. During the whole 
period that we have been here, Vincent Schaefer has found on the barograph 
that is in our room that there is a perfectly regular diurnal variation of the 
barometric pressure. He has the records with him that show this extraordinary 
regular change. There were hardly any fluctuations from day to day. Today 
the fluctuation was quite normal up until 1700 when the pressure started 
to rise for four hours, that is, until 2100. After that, from 2100 until 0100 
on July 22, it had been falling, but only a quarter as much as it rose. — 

“I have examined the weather forecasts for Albuquerque and the weather 
maps and find that there is a cold front very much further north. The only 
front in the neighborhood of New Mexico this morning was, what is called, 
a stationary front. It was described as a stationary front through southern .Colo- 
rado, southern Utah, to near Las Vegas, Nevada, and there was a high center 
over western Montana. The local forecast for the ~ at Albuquerque reads 
as follows: . 


Scattered light cloudiness throughout the day with cumulus during the 
mid-morning increasing during the afternoon with late afternoon showers 
and thunderstorms mostly over the mountains. Possibility of thunderstorms 
early in the period. Light south wind, shifting to east with strong gusts 
by 2200. Maximum temperature 91°; minimum temperature 64°. 


‘In other words, as far-as I can see, there is nothing in the synoptic situa- 
tion to suggest that today would be a day with unusual rainfall or thunder- 
storm activity. Actually, the rainfall has been very much more severe than 
on any day that we have been here.” 
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CAUSE AND EFFECT VERSUS PROBABILITY 
IN SHOWER PRODUCTION 


Research Laboratory Report No. RL-366, July (1950). 


As Far as I can see, it seems to be the official attitude of the Weather Bureau 
that showers in regions such as New Mexico during the summer are the result 
of definite relations of cause and effect determined by the synoptic situation. 
They believe that they know this even though they cannot predict when and 
where showers will occur nor adequately explain the showers that have already 
occurred, except by a re-evaluation of the synoptic data on an a posteriori 
basis. I think this attitude reflects a non-scientific approach to the problem. 
It would only be possible to establish a definite relation of cause and effect 
when the effects from the definite causes are known sufficiently well so that 
a definite reliable forecast can be made, and it then can be shown that there 
are no other factors of importance comparable to that of the synoptic situa- 
tion. Since the Weather Bureau admits that they cannot make accurate fore- 
casts nor can they forecast correctly the time and positions of thundershowers, 
they have no proof of any definite cause and effect dependence upon the syn- 
noptic situation. 

For many years, I have developed some philosophical ideas in regard to 
cause and effect relationships in science. The causality that used to be 
characteristic of classical physics applies strictly only to convergent phenomena 
[Science, Common Sense, and Decency. Science 97, pp. 1-7, (1943)] which 
depend upon a large number of separate particles or separate events which 
converge to a well-defined average. There are, however, in atomic physics, 
as well as in human affairs and meteorological phenomena, what we may call 
divergent phenomena where large important events grow from small beginnings 
which produce diverging results. Shower formations such as those in arid 
regions like New Mexico are good examples of divergent phenomena. 

On this basis, the synoptic situation is important only insofar as it deter- 
mines the probability that a shower will occur. It does not directly cause the 
shower to occur at a given time and place. 

The situation is like that of the evaporation of molecules from the surface 
of a liquid or solid. A rise in temperature increases the probability that a par- 
ticular molecule on the surface will evaporate, but it is not the direct cause 
of evaporation of that molecule at that time and place. The evaporation of 
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molecules is covered by the Boltzmann equation, according to which the loga- 
rithm of the probability for the evaporation of molecules from a given area 
in unit time varies linearly with —Q/kT, where Q is the heat of evaporation 
(the energy to be overcome in evaporation) and kT is the average thermal 
energy of the molecules, T being the absolute temperature and k the Boltzmann 
constant. 

Laboratory experiments. by Vincent Schaefer have proved beyond question, 
I believe, that ice crystals never form spontaneously in the atmosphere unless 
foreign sublimation nuclei are present or unless the temperature is lowered 
below —39°C and the air is supersaturated with respect to ice. I believe 
that meteorological knowledge and all observations in Project Cirrus are 
in accord with this conclusion. Whenever ice crystals form in clouds 
having temperatures above —39°C, we may be sure that sublimation nuclei 
were present. Some air masses contain adequate numbers of such nuclei. 
Other times we know that they are not present in quantities sufficient to 
account for the development of snow storms, even when the clouds rise to 
30,000 feet or more. In the tropics we see many cases where clouds have no 
significant number of ice crystals until they reach the temperature of —39°C. 
If the cloud rises to a height that gives this low temperature, the supercooled 
water droplets suddenly change to ice crystals and produce a peculiar kind 
of anvil top usually in the form of a pancake, a very symmetrical and 
smooth structureless disk. Because of the heat evolved the top floats away 
as a cirrus streamer, and it may be said that the cloud acts as though it is pump- 
ing cirrus. We occasionally see such clouds in New Mexico, but more fre- 
quently in the tropics. 

Schaefer’s experiments have proved that in the atmosphere the number of 
nuclei can vary enormously, sometimes being only a few per cubic meter 
and in other cases reaching a few per cubic centimeter, the ratio perhaps 
being 1 to 10’. A very important point is this: since the atmosphere nearly 
always does contain some nuclei, a supercooled cloud of the convective 
type will contain some ice crystals when its temperature gets down to the 
point where the nuclei are effective; but unless that is a chain reaction by 
which these nuclei multiply in number to an unlimited degree, there will 
be no possibility of producing a heavy rain shower as a thunderstorm. It 
is just this fact that a heavy shower begins only when a chain reaction sets 
up the necessary requirements for a self-propagating storm that, ‘I believe, 
establishes the conditions which make the beginning of a storm an act of 
probability, rather than a definite relation of cause and effect. 

For these reasons, I propose the following theory which determines the 
probability that showers will occur under given conditions. In order that 
a shower may occur, it is, first of all, necessary to have nuclei. Second, it is 
necessary to have a synoptic situation such that cumulus clouds form and 
lift the nuclei up to a level at which they can turn into ice crystals. Next, 
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it is essential that the ice crystals.either accumulate or in some way multiply . 
to set up a chain reaction and bring about a run-away effect in the cloud, - 
which causes heavy rain to form. Now, in general, there are factors that prevent 
the growth of cumulus clouds. In the morning there is stability in the 
atmosphere; there are cold layers of air down below. When the air becomes 
heated by the sun and the lapse rate increases and the conditions are favorable 
for forming cumulus clouds, only with certain factors present will all the 
conditions arise that are necessary to establish a chain reaction. This will occur 
in particularly favorable locations and where the nuclei concentrations are 
just right. Therefore we can say, in analogy with the Boltzmann equation, 
that the logarithm of the probability that a shower will occur will vary linearly 
with —E/KC, where E is the energy that needs to be overcome against the 
stabilizing influences in the atmosphere, K is a constant, and C is the con- 
centration of the effective nuclei in the air expressed as the number per unit 
volume. On this basis, we can write the following equation: 


P = P, exp(—E/KC). (1) 


P is the probability that a storm will form in the presence of a certain con- 
centration of nuclei; P, is the limit towards which this probability increases 
as the number of nuclei becomes very great. 

An examination of the rainfall data in New Mexico gives many qualitative, 
and even quantitative, evidences that the probability concept is correctly 
applied to the formation of showers.in this semi-arid country. An examination 
of the rainfall data for July 1949 shows that the driest day in the month was 
July 3. There are 280 meteorological stations in the state that report the 
rainfall every day. The average rainfall at all of these stations on July 3 was 
0.007 inches. Out of the 280 stations, only 10, or 3.6 per cent, reported rain, 
the average rain at these stations being 0.21 inches. This was not only the 
lowest rainfall for any day in the month, but also was the day on which the 
fewest number of stations reported rain. 

The wettest day of the month was July 10. The average rain at 280 
stations was 0.33 inches. Two hundred and three stations reported rain on 
that day, which is 72.5 per cent of the stations in the state. The average rain 
per station that reported rain is 0.45 inches, only a little more than twice as 
great as upon the driest day — July 3. However, when one considers that 
72 per cert of the stations on that day reported rain, one can prove that 
a great many of the stations probably had more than one rain. Allowing for 
this fact, one can estimate that the average rainfall per rain storm on July 
10 was 0.25 inches as compared with 0.21 inches on the driest day — July 3. 

The other important fact is that on July 10 more stations reported rain 
than on any other day. There is thus a very definite relationship between the 
amount of rain and the number of stations that report rain, but there is 
only a very slight relationship between the amount of rain per storm and the 
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amount of rain that falls over the state. This justifies us, at least ag an 
approximation, to consider that the total amount of rain in this state is a measure 
of the probability that rain will fall. Therefore, we can modify Equation 
(1) as follows: 

R = R, exp(—E/KC). (2) 


The Relationship Between the Concentration of Sublimation Nuclei and the 
Probability for the Occurrence of Rain 


According to Equation (2), we see that the distribution of the rain over 
the state will depend upon the synoptic situation which determines the quantity 
E and the distribution of the concentration of sublimation nuclei C. This will 
depend on a great many phenomena that are not ordinarily considered of 
importance in weather forecasting. The distribution of rain over the state, 
therefore, we expect would depend particularly on the winds at various altitudes. 

It is convenient to put Equation (2) in the following form: 


R= R,exp(—C,/C), (3) 
where C, is a constant which replaces E/K. We see from this equation that 
if C becomes very large, R approaches a definite limit Ry; but if C becomes 
very small, then R approaches 0 as a limit .The value of C, is the concentra- 
tion which will make the rain R equal to 1/e™ or 0.37 Ro. 

This equation has been used in analyzing data of the New Mexico flight 
discussed in Occasional Report No. 21. 
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A GAMMA PATTERN SEEDING OF STRATUS CLOUDS, 
FLIGHT 52, AND A RACE TRACK PATTERN SEEDING 
OF STRATUS CLOUDS, FLIGHT 53 


With CHartes A. WoopMAN as co-author 
Research Laboratory Report No. RL-363, June (1950). 


FLIGHT 52 was a single-plane operation in the area between Ballston Spa, 
New York and Amsterdam, New York in which a uniform stratus cloud deck 
was seeded with dry ice. 

The following is a summary of the weather conditions during Flights 
52 and 53 on November 24, 1948. 

A wide ridge of high pressure (cP) extended from the Gulf States northeast 
to the New England states with a small 1011 mb high center over central 
New York. A stationary low-pressure trough was off the coast of the Carolinas 
with a series of weak frontal waves developing in it. Another weakening trough 
of low pressure was situated in the upper Mississippi Valley. The 10:30 a.m. 
upper air map showed a small cold front at 10,000 feet on a line — Buffalo, 
Binghamton, Hartford, Nantucket. The temperature soundings from Buffalo 
and Albany for the evening of the 23rd and morning of the 24th indicated 
an 8° to 9° inversion from 6000 feet to 8000 feet. During the 24-hour period, 
midnight to midnight on the 24th, very light rain had fallen around Lake 
Ontario; moderate to heavy rain from New York City southwest to Virginia, 
West Virginia, and North Carolina; and light rain had fallen in eastern Mass- 
achusetts, New Hampshire, and Maine. No precipitation fell in central New York. 

In the Rome to Schenectady area, the sky during the day was overcast 
with high strato-cumulus type clouds. A higher deck of cirrus was visible 
at times and at some places through breaks in the lower clouds. During 
Flight 52, in the morning over Amsterdam, the cloud base as observed from 
B-17 7746 was at 6000 feet, while the tops were at 7590 to 7670, being 
thicker toward the east, thus making the cloud layer 1590 to 1670 feet thick. 
True air temperatures obtained from flight data were —5.3° at the cloud 
base and —3.4° at the cloud top. The winds aloft data from Albany Airport 
at 1030 showed winds of: 

Surface 270° 6 mph 
1000 feet 310° 3 mph 
2000 feet 310° 3 mph 
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4000 feet 280° = 9 mph 
6000 feet 280° =9 mph 


During the afternoon on Flight 53 over Rome the reported cloud base 
was at 5000 feet; while the top of the layer was at 6800 feet. True air 
temperatures as measured in flight were —3.9° at the cloud base and —1.8° 
at the cloud top. The wind near the cloud base was about 240° and 6 to 7 mph. 

The airplane (AF —7746) took off from Schenectady airport at 0815 EST, 
November 24, 1948. The first of the clouds was reached at 8:27 at 6000 feet 
altitude where the temperature was —3.5°C. At 8:29 the plane reached the 
top of the cloud at an altitude of 7500 feet. The free air temperature was —5°C. 
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te) 10 20 
SCALE, STATUTE MILES 
Fic. 1. The dimensions and shape of the seeded Gamma Pattern from photopanel data. The 
Position of the three point drops, 20 grams, 2 grams, and 200 grams, are indicated by the small 
circles marked 1, 2, and 3 at the left of the loop. The two dashed lines parallel to the seeding 


track show the approximate maximum development of the modified clouds one hour after 
seeding. 


The gamma pattern which was seeded is illustrated in Fig. 1. According 
to the photopanel data the seeding was started 08:34:16. The plane was flying 
about a hundred feet above the cloud deck on a course of 234° for 8.3 minutes 
at a speed of 171 miles per hour. The first leg of the gamma had a length 
of 23.6 miles. Then a right turn was made at a uniform rate over 209° so that 
the plane turned from 209° in 1.6 minutes. The distance thus travelled was 
4.5 miles and the total circumference of the circle would have been 7.85 miles 
continued for 360°. The diameter of the circle was, therefore, 2.50 miles. 
At 08 :44:12 the plane straightened out on a new course at 083° and continued 
on this for just 10.0 minutes. The seeding thus ended at 08:54:12. 
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After completing the seeding, the plane commenced a climbing turn to 
the left to bring it over the first part of the seeded track. The plane continued 
circling the area for about an hour while the photographer took pictures. At 
the end of this time three point drops were made, which are shown in Fig. 1 
by the three small dots with circles around them marked 1, 2, and 3, on 
a course 252° from the eye of the loop of the gamma, that is, in the line of 
the axis of symmetry of the gamma. The plane then continued circling the 
point drops while more pictures were taken. In all, 99 K-20 photographs 
were taken plus 26 Speed Graphic shots. Because of the low altitude of the sun, 
the photographs showed all detail of the cloud surfaces. 

Quite spectacular results were produced by this flight. The actual seeding 
operation of the gamma took 20 minutes. Within 20 minutes after seeding 
had been terminated, the ground was visible through portions of the seeded 
track, and one hour after termination of seeding an area of 8.4 square miles 
was open and free of clouds with no immediate signs of closing. 

In subsequent discussion, the various parts of the gamma pattern will 
be referred to as follows: the straight track which was seeded first will be 
called Leg No. 1; the part of the pattern where the two legs crossed will 
be called the neck; the closed end of the pattern will be called the loop; 
and the portion of unmodified clouds surrounded by the loop will be called 
the island. The following is quoted from the controller’s report (Comdr. 
E. B. Faust was the controller): ‘‘0901— Continued climb and came up 
parallel to the initial leg. The area was now very definite and there could be 
no doubt that this was the seeded ‘‘V’”. 0907 — The cut or groove of the 
seeded pattern couldn’t have been more perfect — it was as definite and 
prominent as any drawing could be in the blackboard briefings — the second 
leg somewhat longer than the initial one. 

‘0912 — The center seemed to be propagating — the first leg now more 
prominent that the second —a definite patch cut out in the center of the 
seeded turn. 

“On one of the turns around the seeded turn, an attempt was made to 
photograph three sun dogs at one time; all were apparent to the observer. 
(The two sun dogs, one on each side of the sun pillar were 47° apart and 
were too far apart, therefore, to be photographed within a single picture.) 

‘0931 — We proceeded to the apex of the cut for a definite ground fix. 

‘0934 — Over the apex and also over Amsterdam, New York. The air- 
ground communications were very good; in one communication the Research 
Laboratory suggested the three separate drops be made with the remaining 
carbon dioxide. At that time, there was about } pound of dry ice.left, so 
it was suggested that we make three drops in the following manner: one-tenth 
of the amount for the first drop; 1 single particle for the second drop; and the 
remainder, about 0.4 pounds, in the third drop. 
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“0952 — On heading of 252° we prepared for three individual drops which 
were made at 09:53:37 for the first drop, 09:53:57 for the second drop, and 
09:54:23 for the third drop, as indicated in Fig. 1.” 

By making polar coordinate maps of the seeded pattern from successive 
photographs, various dimensions of the pattern were measured and then plotted 
against time. By this method, the following results were obtained: 

Over the time interval between 33 and 65 minutes after seeding was begun, 
Leg No. 1 widened at the average rate of 2.0 miles per hour. All the 
distances given in this report will be in statute miles. The average rate of 
widening from the time of seeding to 45 minutes after seeding was begun 
was found to be 2.1 miles per hour. The rate of increase of width was slightly 
greater immediately after seeding and somewhat slower towards the end of 
the period of growth. The maximum width of Leg No. 1 occurred about one 
hour after seeding. The average width at that time was about 1.7 miles. After 
this time, fill-in by thin new clouds become quite appreciable, resulting 
in a decrease of width. At 09:44, one hour and 10 minutes after seeding was 
begun, or 50 minutes after seeding was terminated, Leg No. 1 had narrowed 
considerably and at 09:48 (see Fig. 5) when the last measurement on it 
was made, it appeared as a long thin open line about 0.35 miles wide and 8 
miles long. This shows that the rate of formation of new clouds was quite 
high, the average width decreasing from 1.7 miles to 0.35 miles in a matter 
of about 15 minutes. 

For some unknown reason the behavior of Leg No. 2 was different than 
that of Leg No. 1. The plot of width against time showed a very definite 
hump in the curve, indicating that during the period of observation the leg 
widened, reached a maximum, and then filled in. The average rate of widening 
of Leg No. 2 over the time interval between 35 and 66 minutes after seeding 
was begun was 2.2 miles per hour. The average rate of widening from the time 
of seeding (about 0850 for the middle of Leg No. 2) to a time 30 minutes 
later was 3.1 miles per hour. The maximum width of Leg No. 2 occurred 
about 46 minutes after seeding was begun or about half an hour after this 
leg was seeded at which time the width was about 1.4 miles. The average 
rate of decrease of width over the time interval from 46 to 55 minutes after 
seeding was begun, as a result of the filling in of new clouds, was found 
to be 2.8 miles per hour. By 0904, 54 minutes after seeding, Leg No. 2 appeared 
completely filled in with new clouds, except for a length of about 2.3 miles 
near the neck of the pattern which remained open as long as observations were 
made. 

_ The neck of the pattern was the only area that did not fill in with new 
clouds to any extent during the time of photographic observation. The approxi- 
mate time at which the neck was seeded was 0844. The average rate of widening 
of the neck over the time interval between 26 and 85 minutes after the neck 
was seeded was 1.5 miles per hour. The average rate of increase from the time 
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of seeding to a time 35 minutes later was 2.9 miles per hour. The rate of 
increase 35 minutes after seeding, as determined from the slope of the curve 
at this point, was about 1.8 miles per hour. Seventy-five minutes after seeding 
it was about 0.8 miles per hour. This appears reasonable, since from past 
measurements we would expect the initial rate of growth to be greater than 
that at a later time. 

Looking straight down through the neck it was possible to see the ground 
as early as 28 minutes after it was seeded, although the view was somewhat 
obscured by falling snow and remnants of clouds. At 1005 when the last 
measurement was obtained, the neck remained open except for three small 
thin clouds forming within it. The open area was 8.4 square miles. The air 
in the open part was clear and all details of the ground were distinctly visible. 
Photograph No. 65 taken at this time (see Fig. 5) shows a part of this clear 
area. It will be seen that the outlines of all the farms along the Mohawk River 
can be seen very clearly. It should be understood that during the whole course 
of this morning flight there were no naturally-occurring openings in the 
clouds except far away to the northeast at a distance of about 25 to 30 miles. 
In all other directions the stratus clouds extended to the horizon without 
a break. 

During this time Dr. Schaefer got in a car and drove to various areas 
under the seeded pattern and took about six or seven good black and white 
photographs and several Kodachrome pictures showing the two legs of 
the gamma pattern. The Kodachrome photographs show that the leg appeared 
as clear blue sky from below. It was difficult to reproduce the photographs 
and interpret them, because the two lines which converged in the west to 
a point extended from one horizon in the east to the horizon in the west and, 
therefore, could not be included in any ordinary camera photographs. It was 
clearly seen that snow was falling from the edges of the seeded band. Since 
it was well above freezing on the ground, the snow probably all melted before 
reaching the ground. 

Sun pillars and pseudo sun dogs were seen and measured in 7 photographs. 
The brightest parts of these were as much below the horizon as the sun was 
above it. In most cases, where the position of the plane was right, two sun 
dogs could be seen reflected in the clouds on each side of the sun pillar. The 
sun pillar is caused by the reflection from nearly horizontal surfaces of hexa- 
gonal plates settling quietly through the air. The sun dogs are produced by 
some of the light reflecting from the sun pillar being refracted by the vertical 
planes of the ice crystals forming an angle of 60° with one another. There 
was, of course, no real sun dog in the sky above the horizon, for the air was 
devoid of clouds and there was no halo around the sun. As far as I know, 
the pseudo sun dogs below the horizon have not previously been described. 
The first of the sun pillars and sun dogs was observed 16 minutes and the 
last 34 minutes after seeding had been completed. This, of course, does not 
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mean that snow crystals were not present either before or after these times, 
since in order for these optical phenomena to be visible, the plane must be 
so located that the reflected image of the sun or its sun dogs lies in the 
snow crystal area. The average measured angle between the sun pillars and 
the sun dogs, determined from the photographs, was 23.8°. The sun pillars 
were brilliantly white and the reflected-sun dogs were brightly colored. A few 
Kodachrome pictures were taken which showed these colors. 





Fic. 2. Photograph A-6 of the Gamma Pattern of Flight 52 as photographed at 09:20:09 
on November 24, 1948 from an altitude of 12,200 feet. The top of the stratus clouds are at 
7300 feet. The seeding of the loop occurred at 08 :44, 36 minutes before this picture was taken. 
The nearest point on the left edge of Leg 1 is at a horizontal distance of 1.8 miles. The eye o¢ 
the loop is 16 miles away, while the farthest part of the loop is 19 miles away. The average 
width of Leg 1 (at right) is 1.76 miles. The upper surface of the snow along the center line 
of Leg 1 is 1900 feet below the surface of the stratus clouds. The stratus clouds at the edge 
of the seeded pattern are about 800 feet thick. 


A study of the progressive changes that occurred is obtained by examination 
of the photographs in chronological order. Within 12 minutes after seeding 
had ended both legs of the gamma pattern were distinctly visible as a cut 
in the clouds filled with falling snow. The plane flew close by the end of the 
first leg and photographs show a very abrupt end to the leg where seeding 
had started. At this time, the width of the first leg was 0.95 miles and that 
of the second leg was 0.75 miles and the depth of Leg No. 1 was at least 
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250 feet. At 0912 the first leg had widened to 1.2 miles, the second leg to 
0.86 miles; both legs were nearly straight. The neck was about 1.45 miles 
wide at this time. Both the neck and the legs were filled with falling snow 
and sun pillars and sun dogs were visible (see Fig. 3). Looking straight down 





Fic. 3. Photograph taken at 09:11:11 facing toward the sun but tilted down towards the seeded 
area to show the white sun pillar (left) and the colored pseudo sun dog (at right). The sky 
above was cloudless so there was, of course, no real sun dog. 


through the neck it was possible to see the ground, although the view was 
somewhat obscured by falling snow and remnants of clouds. However, the 
ground could not be seen when looking into the hole at a low angle. The edge 
of the leg and the neck began to show irregularities which corresponded to 
transverse displacements from a straight line amounting to about +0.05 miles. 

At 0914 the neck had widened to 1.5 miles and a distinct island of unmodified 
clouds remained in the center of the loop. By 0916 the neck had increased 
to a width of 1.56 miles. At 0917 the first traces of a new cloud were observed 
forming along the northern edge of Leg No. 2. Pictures taken at 0918 and 
0919 showed a gradual increase in this new thin cloud. At 0918 this strip 
of new cloud which formed along parts of the inside edge of Leg No. 2 was 
about 0.4 miles wide. No new clouds, however, could be seen in the neck, 
the loop, or in Leg No. 1 at this time. Photograph A-6 which is shown 
in Fig. 2 gives a good general view of the gamma pattern at 09:20:09. The 
plane was at an altitude of 12,200 feet. The top of the stratus cloud at that 
time was 7300 feet. The edge of the cloud as shown in the photograph appears 
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to be about 800 feet thick. Subsequent photographs show that it remained 
about constant. Thus, we may infer that between 8:27 and 9:20 the base 
of the clouds rose from about 6000 feet to 6500 feet, while the altitude of 
the tops decreased from 7500 feet to 7300 feet. Photographs taken at 1010 
show that the thickness of the clouds was still about 800 feet. 





ps a 
Fic. 4. Photograph No. 48 at 09:32:07 of the newly formed horseshoe-shaped roll-cloud in the 
loop 48 minutes after seeding. 


Figure 4 shows a very interesting horseshoe-shaped roll-cloud that formed 
within the modified outline of the loop of the gamma pattern. It shows that 
at this time, 09:32, the eye of the loop still remained and that around it was 
a cloudless area through which the ground could be seen, and outside of that 
was the crescent-shaped roll of new cloud which rose actually higher than 
the level of the original stratus and had a quite different surface structure. 

At 09:25 a definite bend towards the south became apparent in the east 
end of the second leg of the gamma. The edges of both legs were now much 
more irregular than formerly. Between 09:26 and 09:27 the bend in Leg 
No. 2 appeared more pronounced. The width of the neck was now 1.9 
miles. The appearance of the loop was rather odd. Snow was still falling 
out but the cloud seemed to be forming in little clusters. Between 09:27 and 
09:28 the bend in Leg No. 2 at its end was about approximately 20°. The new 
clouds along the inside edge of Leg No. 2 had thickened considerably and now 
had reduced its width about 1/3. No new clouds were as yet visible in the 
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neck, but more were forming along the inside edge of Leg No. 1 and to 
a considerable extent in the loop. The island in the loop could still be distin- 
guished from the new cloud, because it was rough and rolling on top while 
the new clouds in the loop were much smoother, more stratified in appearance. 
By 09:28 large patches of cloud had formed in the loop and the narrowing 
line of new clouds was centered towards the neck. 





Fic. 5, Photograph No. 65 taken at 09:48:50, 64 minutes after seeding, of part of the 84 square 
mile area in the neck that remained completely open at that time. The Mohawk River and farm 
lands 11,000 feet below were clearly visible. 


At 0929 the ground was seen through some holes in the loop, which was 
now over half filled with new clouds. At this time Leg No. 2 was at least 
1/3 filled in with new clouds, from the inner edge outward, and Leg No. 1 
was filling in more uniformly. By 0920 the formerly open area of the loop 
appeared to be nearly 2/3 filled with clouds which were very smooth on top 
and seemed to bulge up in the middle. (See Fig. 4.) 

Eight minutes later at 0941 both of the legs of the gamma pattern were 
well over half filled in with new clouds and it lost much of the sharpness of 
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its edges. The original boundaries of the legs could often no longer be dif- 
ferentiated. At 0944 Leg No. 1 was almost closed at one point along its 
length and Leg No. 2 seemed to be entirely filled with new clouds except 
for a short length of about 2.2 miles near the neck. At this time, 0945 and 
0946, the neck had obtained the width of about 2.3 miles and wisps of snow 
were still seen in it. Some new clouds were forming along the edges, but to 
no large extent. The loop was nearly completely filled in with these clouds. 

At 0948 (Fig. 5) the neck remained a large open area with three new small 
clouds forming in it, comprising not over a tenth of the total open area. The 
air in the open part was clear and the grcuid was distinctly visible. Leg 
No. 1 still persisted as a long thin open line about 0.35 mile wide and 8 
miles long and Leg No. 2 remained only as a short stubby extension of the 
open end, about 2.3 miles long. The total open area was 8.4 square miles, 

Seventeen minutes later, 1005, the neck was about 2.5 miles wide, the edges 
were still straight, and it showed no immediate signs of closing, although the 
clouds over the open area seemed to be growing larger. This was one hour 
and ten minutes after seeding had been completed. 

A careful measurement of the polar plot of the seeded area obtained from 
25 photographs has given the average angle between the two legs of the gamma 
as 32°. Actually, according to the photopanel data, the flight path in the original 
seeding gave an angle of 29° between these two legs. This agreement seems 
to be quite satisfactory. 


Rate of Fall of Snow in the Seeded Band 


Transverse photographic views showed that there was no longitudinal 
wind shear below the seeded clouds, that is, the snow that fell formed lines 
that moved vertically down and were not displaced longitudinally as they 
fell. Longitudinal photographs showed that there was no appreciable sidewards 
displacement of the snow. The snow formed a kind of V which is fairly well 
illustrated in Fig. 2. Many other photographs show this falling snow even 
more distinctly. From end-on views of each of the legs it can be seen, therefore, 
how far the snow has fallen. The intensity of the snowfall from the central 
part was larger than that from the edges. In other words in Fig. 2 very 
little snow seems to be falling from the edges of the seeded cloud, whereas 
a considerable amount of snow had fallen from the central portion. It looks 
as though the actual rate of growth of the seeded band is becoming very low. 
In other words, the supply of nuclei is being exhausted. In these photographs 
there is no evidence of overseeding, even along the central axis of the seeded 
band. From an end-on view one can draw a line between two opposite points 
at equal distance from the plane at the edges of the band and determine a point 
on the snow below which is halfway between it. Connecting these together 
to form a V-shaped figure, one can determine the vertical distance that the 
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snow had descended and by comparing the vertical displacement with the 
distance from the center of the horizontal line connecting at the level of the 
stratus clouds up to the level of the horizon line one can then, by proportion, 
find the distance that the snowflakes have fallen. Several determinations have 
been made in this way, using the data from photographs 15, 35, A-6, 30 and 
31. These photographs were taken in a period between 9:15 and 9:21. The 
distances that the snow particles fell increased from 900 to 2500 feet. Plotting 
these distances against time — the time measured from the seeding at that 
particular place — one obtains roughly a straight line whose slope gives the 
rate of fall. In this way we find that the average velocity of fall of the upper 
snowflakes at the top of the layer of falling snow amounted to 31 centimeters 
per second. Extrapolating back to zero rate of fall, we find that the start of 
the time of fall began about five minutes after seeding. This would indicate 
that for the first five or ten minutes after seeding the rate of fall was very 
low and then it became fairly constant at about 31 centimeters per second. 
This should be compared with the value of 50 to 60 centimeters per second 
that was found by an airplane in Flight 23 over Cape Cod Bay (Occasional 
Report Number 10 of the Final Report, Project Cirrus) where a rate of 
fall of 60 centimeters was obtained. This latter figure was obtained by a plane 
flying under the clouds, gradually descending to keep pace with the falling 
snow. In this case, the rate of fall of the most rapidly moving snowflakes 
was observed at the bottom of the snowfall, whereas in the present experiments 
(Flight 52) the velocity of the slowest falling snowflakes was measured. 

A snowflake falling at 31 centimeters per second must be a fairly large 
snowflake and probably these snowflakes had already formed into clusters. 
in each of the several cases where we have observed snowfall on the ground 
produced by seeding we have found composite snowflakes reaching the ground, 
each flake consisting of 20 to 50 small stellar crystals. 


The Results of the Point Drops 


It will be recalled that the three point drops were made at about 0954. 
The first and the second drop were separated by a distance of 1.0 mile, and 
the second and the third drops were separated by 1.2 miles. Quoting from 
the controller’s report: 

‘At 1010 the first and third particle drops appeared very strong. The 
second drop appeared very weak.” At 1014 the second hole seemed to be 
merging with the first; however, there was no complete dissipation of the 
area between the two drops. At 1018 flying parallel to the first hole, it seemed 
to be filled with ice crystals — ground could be seen quite clearly through 
the hole. : 

At 1029 it was necessary to leave the area. By this time we had used up all 
of the photopanel film. An examination of the photographs from 73 to %% 
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and photographs A-20 and A-21 shows that all three of the point drops appear 
clearly in 11 photographs. In every case measurements show that the diameter 
of the hole made by the first point drop with 20 grams of dry ice was somewhat 
larger than that of the third hole with 200 grams. The second hole made by 
the single piece of dry ice probably weighing about 2 grams was very much 
smaller than either of the other two. Roughly, it was between 30 and 40 per 
cent of the diameter of the first point drop. According to the measured times 
of release of the particles, the distance from 1 to 2 should be 45 per cent of 
the distance between 1 and 3. In many of the photographs, which were 





Fic. 6. Photograph A-20 taken at 10:13:20 showing in the background the large area of the 

loop seeded 89 minutes previously and in the foreground the three point drops (19 minutes 

after seeding) made respectively by 20 grams, by 2 grams, and by 200 grams of dry ice. Note 
the smow falling from the edge of the nearer hole made by Drop No. 3. 


taken at right angles to the line of seeding of the three point drops, the 
relative distances of these three point drops can be measured quite accurately. 
The measurements show that for photographs 73 and 74 the ratio, instead 
of being 0.45, was 0.42 and 0.41. Later, in photograph 88 which was again 
in a position to give a cross view, the ratio was 0.37. 

In all of these photographs as is illustrated, for example, in Fig. 6, it is seen 
clearly that the three point drops are in exactly the position that they were 
made to be by seeding as is illustrated in Fig. 1, that is, they were in definite 
and predetermined positions with respect to the loop left by the original gamma 
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pattern and that is exactly where they were shown in the photographs. But 
there is no question at any time about the identity of these three point drops. 
The diameter of point drop 1 increased from 0.47 mile 11.7 minutes after 
seeding to 0.70 at 19.5 minutes and 0.87 at 22.4 minutes. These measurements 
were made by comparing, in transversed view of the seeded line, the relative 
distances between the centers of the point drops and the diameter. On this 
basis we find that point drop 2 was 0.13 mile in diameter at 11.7 minutes 
and was 0.4 mile diameter at 22.4 minutes. Number 3 increased from 0.28 
at 11.6 minutes to 0.69 at 22.4 minutes. 

These measurements show that the first point drop with 20 grams of 
dry ice grew in diameter at a uniform rate of 2.4 miles per hour for the 
first 22 minutes. The second point drop with 2 grams started slowly and grew 
only 0.7 mile per hour for the first 12 minutes, but then grew at the rate of 
1.5 miles per hour during the next 11 minutes. The third point drop of 200 
grams grew at an average rate of 1.9 miles per hour, showing only a very slight 
acceleration during the second period. I think that these photographs and 
calculations show conclusively that Ross Gunn’s opinion that it was impossible 
to produce a large hole by such a small amount of dry ice was ill-founded. 


Flight 53 


Flight No. 53 was a single-plane operation in the vicinity of Utica, New 
York. The object of the flight was to seed a supercooled stratus cloud deck 
with dry ice. The aircraft (AF 7746), piloted by Capt. John A. Plummer, 
took off from the Schenectady Airport at 1342 EST, November 24, 1948. 

The altitude of the base of the cloud deck was approximately 4500 feet, 
and that of the top of the deck about 6800 feet, giving a thickness of 2300 
feet. The corrected temperature at the cloud base was —2.8°C and at the top 
approximately —5.6°C. There was a temperature inversion above the cloud 
deck — at an altitude of 17,600 feet the temperature was —20.2°C. The 
wind was from the southwest. Considerable evidence pointed to the existence 
of a wind shear just above the top of the cloud deck when the flight was made. 
By comparing the amount of distortion of the seeded pattern caused by relative 
drift, it was concluded that there was a difference in wind velocity between 
that at the cloud level and that at the altitude of the plane 50 to 100 feet 
above the cloud of about 20 miles per hour. The wind velocity continued to 
increase with increasing altitude, but at a much slower rate. Direction of the 
wind was from the southwest at all levels. 

Seeding was begun at 1444 and terminated at 1457; a ‘‘racetrack’’ shaped 
pattern was seeded, about 1.7 pounds of dry ice per mile being used. Each 
straight leg of the racetrack was about 17 miles long and the legs were separated 
by a distance of 4.0 miles, The total length of the seeded track was 47 miles. 
The pattern extended from a northwest-southeast direction, and at the southeast 
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end a complete loop instead of a semi-circle was seeded due to an error on the 
part of the pilot. After seeding the racetrack pattern, the airplane gained alti- 
tude and circled the seeded area for nearly an hour at an altitude of about 
18,000 feet, while the photographer took pictures. At the end of this time, 
three point drops were made and an attempt was made to photograph them, 
although it proved to be too dark for success. In all, 50 Speed Graphic photo- 
graphs were taken. The long shadows due to the low altitude of the sun 
brought out all the details of the cloud surface. The results which were pro- 
duced by this flight were very definite. Most of the photographs were clear 
and yielded considerable information. 

Figures 7, 8, 9, and 10 are typical photographic results. The nearer straight 
leg shown in Fig. 7 was the part that was first seeded. This photograph was 
taken at 22 minutes after the beginning of the seeding of the first leg and it 
was about nine minutes after the completion of the loop in the background 
of Fig. 7. This loop had an island in it which gradually grew smaller. It is 
seen in this picture how very much the band grew in width between the 
time of the beginning of the seeding and the end of the seeding. This difference 
is still apparent in Fig. 8 which was taken nearly 2.5 minutes later. Both legs 
have grown in width, but the first leg still continues to be much wider than 
the second leg, and both are wider than the band in the circular turn at 
the end. 

Figure 9 which was taken from an altitude of 16,130 feet at 15:18:31 
was 22 minutes after seeding of the loop and 35 minutes after beginning of 
the seeding of the first leg. Mr. C. Remscheid who was taking meteorological 
data on this flight made a note at this time that the seeded area ‘‘looks 
like the Grand Canyon.” The island in the loop is still unmodified. It 
is seen that clouds are much thicker than they were in Flight 52 and that there 
are no breaks whatever in the overcast in any direction. 

In Fig. 9 one sees the glory around a point just about at the beginning 
of the first seeded leg. It is a point where there are also no shadows cast 
and all shadows at any other points are directed towards this, the center of 
the glory, which of course, is opposite the sun. 

Figure 10 shows the entire seeded pattern at 15:20:49 which was 24 minutes 
after the end of the seeding or 37 minutes after the start of seeding. 

The photograph shows that at this time the ground could not be seen 
through the seeded area; yet from the ground, it was reported that the pattern 
appeared as two bands of blue sky. Capt. Plummer’s notes are interesting in 
this connection. ‘‘After completing the seeding path, a climb was begun to 
enable the photsgrapher to get better pictures! The climb was terminated 
at 18,000 feet above sea level or 11,000 feet above the seeded area. This gave 
the photographers an excellent view of the entire area. While circling the 
seeded area, the weather station at Griffis Air Force Base at Rome, New York 
was contacted. Their weather officer reported snow falling out of the seeded 
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area. This snow did not appear to him to reach the ground. After circling 
the area for about 3/4 of an hour, the seeded path began to close in. The 
only place where it did not fill in was in the area ‘W’ where a hole ap- 
proximately one mile in diameter formed. The aircraft descended into the 
tops of the clouds and flew directly over the hole area ‘W’. Several pictures 
were taken at this time down through the hole. Because of the fact that the 
sun was slowly falling in the west, it was decided at this time to make the 
three separate drops which were made southeast of the first leg of the 
racetrack on a heading 315°.” 

Lt. J. W. Iler who is navigator and co-pilot said in his report: ‘“The first 
leg of the seeded track was made directly out over the range leg of the 
Utica range on a heading 305°. Seeding was started directly over the Utica 
range.” 

After seeding, the seeded track was at once visible and the plane was put 
into a position to take pictures. At 1510 the Rome Weather Station reported 
that ‘‘snow was visible falling out of what we took to be the seeded track, 
but nothing was visible on the radar.” 

A hole was cut completely through the cloud deck at the east end of the 
seeded area. This hole was big enough to fly down through and pictures were 
made of the ground which was visible. Photographs 45, 46, 47, and 48 were 
taken looking down at a steep angle through this hole near the island at 
the place that had originally formed within the loop and the ground was clearly 
visible. This was about 50 minutes after seeding had been completed. No 
measurements of the size of the hole could be made from the photographs, 
since the horizon did not show in the pictures and thus the angle of tilt 
was unknown. Capt. Plummer estimated that the hole was approximately 
a mile in diameter but this is probably much underestimated, for earlier in 
his report, Capt. Plummer estimated that the diameter of the loop at the end 
of the racetrack was one mile in diameter, whereas actually it was three miles 
in diameter. 

Although good visibility of the ground from above was only obtained through 
this hole in the loop, visibility of the sky from the ground was apparently 
very much clearer. This is natural, because under the conditions of the low 
sun the illumination of the ground was low, being covered by clouds, and 
yet the snow in the air within the seeded area was still illuminated by sunlight 
and, therefore, scattered a great deal of light which prevented the view of 
the darker ground below. On the other hand, from the ground the relatively 
small number of falling snowflakes at least half an hour after seeding would 
offer no great obstacle in seeing blue sky through the seeded area. The ground 
observations confirmed the general history of the seeding operation. A report 
on weather observations taken by the 12th Weather Squadron at Griffis Air 
Force Base in Rome, New York stated in part: ‘‘At approximately 1500 EST 
24 November 1948, two bands of blue sky became visible through the overcast. 
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Bands were long and narrow, running WNW to ESE. Below the breaks, there 
was virga and thin scud. Appearance was that moisture in clouds was precipi- 
tating in entirety causing breaks, then evaporating before reaching ground 
which formed the scud. As clouds moved slowly northeast, the break gradually 
narrowed and filled in and the scud slowly dissipated.” 

This checks very well. The pattern did consist of two long narrow bands, 
and they ran WNW to ESE. At 1506 the depth of the cut in the cloud was 
560 feet as measured by the shadow method on photographs taken from the 
seeding plane, and this was the greatest depth determined from the photo- 
graphs. This agrees well with the time ‘‘approximately 1500” when the pattern 
first became visible from the ground. The fact that the cloud deck, which 
was over 2000 feet thick, did not appear to be broken through as viewed from 
above while the two bands of blue sky were seen from the ground is explained 
by the effect of scattering of light from the snow which was illuminated by 
the sunlight. 

By making polar coordinate maps of the seeded pattern from successive 
photographs, it was possible to measure the various dimensions of the pattern 
and plot them against time. In this way, it was determined that the average 
rate of increase of width of the seeded track was 2.2 miles per hour. Similarly, 
the rate of increase of total area affected by the seeding was found to be 1.3 
square miles per minute. These values are for the time interval between 4 
minutes and 40 minutes after the end of the first seeding. The rate of growth 
of the seeded region was observed to be somewhat greater initially than 
that at a later time. 

The depth to which the pattern cut into the cloud was determined by 
measuring the length of the shadows cast by the sides of the cleft, and then 
using the known altitude of the sun at that particular time and calculating 
the depth. Measurements made in this way showed that within five minutes — 
after seeding had been completed the depth had reached 350 feet which 
corresponds to a speed of 35 centimeters per second, at least in some portions 
of the track. Ten minutes after seeding the depth had reached 500 feet. It 
remained over 500 feet for at least 10 minutes, and later started to decrease 
as the track began to fill in with thin new supercooled clouds. Half an hour 
after seeding the depth was back to about 350 feet again, and within 45 minutes 
after seeding had ended very little depth remained to the pattern, although 
its outline was still discernible. 

Although the filling-in was most noticeable from the standpoint of a decrease 
in the depth of the seeded track, it was also indicative of a decrease of the 
rate of growth of the pattern. Ten minutes after seeding had been completed, 
the total area affected was 30 square miles. Twenty-five minutes after seeding 
this had increased to 55 square miles, and 40 minutes after seeding the area 
reached 70 square miles, showing a definite decrease in the rate of growth. 
By this time the cleft in the cloud had pretty well filled in with new clouds. 
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Even after the pattern had completely filled in, it was still possible to discern 
the boundaries of the affected region due to a difference in the appearance 
of the clouds. The new clouds were quite smooth and stratified in appearance 
as contrasted with the rolling, slightly irregular cellular surface of the original 
cloud deck. The cells shown at the tops of the stratus clouds appeared to 
be roughly about 500 feet in dimensions. 

One region, however, did not fill in completely with new clouds. This was 
at the southeast end of the racetrack pattern where the loop was forming. 
Seeding of the loop had left an island of cloud which was never completely 
dissipated, although it grew somewhat smaller as time progressed. Twenty- 
five minutes after seeding had been completed it remained an irregularly shaped 
cloud about one mile across. It was between this island and the end of 
the second leg of the racetrack that a hole was cut completely through the 
cloud deck. It would appear that this was the region that had been seeded 
twice, once as the plane seeded the end of the racetrack pattern and again 
as the loop was completed. 


The Three Point Drops 


Capt. Plummer states that after these point drops were made these seeded 
areas were not apparent from above for about 15 minutes. Then they became 
slightly apparent, but the sun was so low that photographs were unsuccessful. 
“A descent was made through the overcast to visual flight conditions. Upon 
getting under the overcast, the three single-drop seedings were very apparent 
because of the snow and the light that was coming down through the seeded 
areas. 

“These three seeded areas were about the same size. Perhaps the first 
seeded drop was more apparent than the others. The first seeded area was 
seeded with 0.1 pound, the second with one piece, and the third one pound. 
Very heavy snow was observed under this drop. Due to the darkness, it was 
impossible to get pictures or to get an accurate estimate of the snow areas that 
had developed. The measured thickness of the overcast was 2000 feet.” 

Lt. Iler stated ‘‘at 1546 three drops were made on the heading parallel to 
the first seeding track. The amounts dropped were 0.1 pound, one piece, and 
one pound. Two of these drops became visible from the air, but later when the 
plane went down below the cloud deck each of the spots had snow falling 
from it.” 
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RESULTS OF THE SEEDING OF CUMULUS CLOUDS 
IN NEW MEXICO 


Research Laboratory Report No. RL-364, June (1950). 


A Partial Report on Flight 45 


IN THE PAPER I presented on January 25, 1949 before the American Meteorolo- 
gical Society I gave a brief discussion of the results of Flight 45 and ended 
with the statement based on measurements of 15 weather bureau rain gauges, 
that I believe that the seeding experiments near Albuquerque on October 14, 
1948 caused about 0.37 inches of rain to fall over an area of 4000 square miles 
running from a point near Mountainair, southeast of Albuquerque, to and 
beyond Santa Fe and Las Vegas. This amount of rain would amount to about 
100,000,000 tons of rainfall. 

Later, I received a long letter from Dr. Harry Wexler of the United States 
Weather Bureau giving a rather detailed analysis of the rainfall distribution 
over New Mexico on October 14 and the early morning of the fifteenth, 
which indicated that considerable amounts of rain fell outside of the 4000 
square mile area. The inference was drawn that the rain in the 4000 square 
miles was merely a part of this general rain and that it would have occurred 
anyway from natural causes. 

Using the rain report from 330 stations given in the U.S. Weather Bureau 
publication Climatological Data from New Mexico for October 1948, I 
spent much time making a very complete analysis of the rainfall distribution 
in the state and times for October 14 and 15, 1948. I came to the conclusion 
that the estimate of 100,000,000 tons of rainfall produced by seeding on October 
14 was unduly conservative. The evidence indicated that the rain started from 
near the point of seeding shortly after the time of seeding and then spread 
gradually at a rate which at no place exceeded 22 miles per hour, over an area 
of at least 12,000 square miles north to northeast of Albuquerque with an 
average of about 0.35 inches. This corresponded to about 300,000,000 tons. 
There was another adjacent area of about 12,000 square miles further south 
and southeast that had a rainfall of about 200,000,000 tons that might possibly 
also have been produced by the seeding, or it might have been an inde- 
pendent development starting from the Sierra Blanco Mountains about 120 
miles SSE of Albuquerque. 

An analysis of this rainfall data (16 typewritten pages) was prepared and 
was attached to a 45 page report on an analysis of the cloud development 
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based on the photographs taken from the two planes which circled the seeded 
area and on photographic radar data obtained from Dr. E. J. Workman. This 
was all sent to Dr. Harry Wexler about April 1, 1949. 

As a result, it was arranged that the Weather Bureau should have a rep- 
resentative, William Lewis, permanently attached to the Project Cirrus 
group. This cooperation with the Weather Bureau has proved to be very 
valuable and Mr. Lewis has helped greatly in weather and rainfall analysis 
and has frequently arranged for special Weather Bureau observations of rainfall 
and upper air data that have been extremely useful. 

The long 62 page report to Dr. Wexler might serve as a Project Cirrus 
report on Flight 45. However, it would be greatly improved by presenting 
a large number of photographs taken during this flight. Also, within the last 
three months we have found a much better method of analyzing rainfall data 
and evaluating the probability that ‘‘it would have occurred anyway from 
natural causes”’. 

It has, for example, been determined, I believe, with certainty that 
substantially all of. the tain from the whole of New Mexico that fell on October 
14 and 15, 1948 was the result of the seeding operation near Albuquerque. 
The odds in favor of this conclusion as compared to the assumption that 
the rain was due to natural causes are many millions to one. 

The first part of the ‘preliminary report of Flight 45 sent to the Weather 
Bureau in April needs no revision and so it is presented here in this partial 
report on Flight 45. 

Two planes, B-17s, took off from Albuquerque at 10:50 MST and returned 
to the air base at Albuquerque at 14:10. During this time, the planes took 
176 photographs on 4 inchx5 inch films of the cloud that was seeded from 
one of the planes. The photopanels take photographs at least every 45 seconds 
of a group of instruments giving time, altitude, air speed, heading of the 
plane, and other pertinent information. This photopanel may also be photog- 
raphed by pressing buttons at any one.of several positions in the ship. For 
example, every time a photograph was taken of the cloud, the photographer 
would press a button; the photopanel would record when the photograph 
was taken and what the readings of the instrument were at that instant. 

In this way, a flight path was constructed from the corrected air speed 
and the heading of thé plane with respect to the air in which the plane was 
moving. Later, the motion of the air with respect to the ground was taken 
into account. Many photographs showed points on, the ground from which 
the positions of the plane can be determined. We thus have 176 photographs 
taken in known. directions from known positions in the air, and usually 
these pictures were taken in rapid succession so that the distance the plane 
travelled between one photograph and the next may be used as a base line 
for the determination by triangulation of the positions, dimensions, and vertical 
movements in the clouds. 
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The Seeding Operations 

There were four seeding operations carried out during this flight. 

The first seeding was made using burning pellets of charcoal which had been 
impregnated with an acetone solution of silver iodide and sodium iodide. 
About 30 to 50 grams of silver iodide were dispersed in this way. This seeding 
was started at 11:27 and at a place in the neighborhood of the Sandia Mountains 
which are ENE of Albuquerque. The clouds were rather small and had altitudes 
only about 13,000 feet to 15,000 feet, and the temperatures were far too high 
to give any immediate results with silver iodide seeding. 

The second seeding was started at 12:15 MST. It lasted for 45 seconds, 
and 10 pounds of dry ice were used. This seeding was carried out about 
30 miles southeast of Albuquerque at an. altitude of 23,000 feet. The cloud 
did not grow in height as a result of the seeding. After about 5 or 10 min- 
utes it became somewhat more turbulent at the base, but after about 15. 
or 20 minutes it began to subside rapidly and formed a considerable amount 
of snow which settled out very slowly. We did not see any rain or any appreciable 
amount of falling snow, but a large quantity of snow crystals was left in the 
lower part of the cloud. Since there was no build up and no development of 
cumulus activity, this cloud was abandoned and a new group of clouds were 
selected in a SSW direction from the place of the second seeding. 

The third seeding was started at 12:32:40 and lasted for one minute using 
15 pounds of dry ice at an altitude of about 26,000. feet on a large cumulus 
cloud which reached about that altitude. The position of the seeding was close, 
to the town of Mountainair about 47 miles southeast of Albuquerque. One 
of the planes, (AF 7746), continued to circle the cloud, which was seeded in 
the third seeding operation, making altogether five circles around it in a clock- 
wise direction. This was continued until 13:36 when it was decided to return 
to Albuquerque. 

The fourth seeding began at 13:04 and lasted until 13:07. The amount 
of dry ice is not specified exactly, but it was probably close to 25 pounds. 
This seeding was carried out at about 26,000 feet altitude in a cloud which 
was located about 10 miles east of the cloud which had been seeded in the 
third seeding. Both these clouds rapidly developed anvil tops which merged 
into a single ice crystal cloud, although the two groups of underlying cumulo- 
nimbus clouds were separately distinguishable for more than an hour. 


Meteorological Conditions Affecting the Seeding Operation 


The Albuquerque data published in the Upper Air Bulletin for October 
14 and 15 have been used to determine the temperature at different pressures 
and altitudes, the relative humidities and the mixing ratios for 8 am. MST 
and 8 p.m. MST on October 14. Use has also been made of the rawind data 
for 8 a.m. on October 14 up to altitudes of 25,000 feet. The pibal data gave 
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the winds from 6000 feet to 12,000 feet at Winslow, Raton, Roswell, El Paso, 
and Fort Worth. The data in the bulletin were used to correct the altimeter 
readings for the effective air temperatures and to reduce them to absolute 
altitudes. 

In addition, I have analyzed most of the data which have been obtained 
on the flight of both planes. The planes were provided with an aerograph 
which recorded temperature and altitude, air speed, and humidity. Humidity 
readings are not too accurate, but the temperature measurements seem to 
be excellent. We also have psychrometric data, usually at every thousand- or 
two thousand-foot change of altitude, and we have used these to calibrate 
and check the aerograph. The aerograph has the particular advantage that 
it gives a continuous recording and is particularly useful, therefore, in detecting 
the inversion and discontinuities of the temperature-pressure curve. We also 
have wet bulb data taken on plane 5667, but these have not yet been analyzed. 
The temperature measurements were corrected for the effect of aerodynamic 
heating by subtracting from the observed temperature 0.85 multiplied by the 
square of the true air speed in hundreds of miles per hour. I have plotted 
all these data and have analyzed them. 

I was particularly interested in determining the stability of the air so as 
to draw inferences as to the heights to which clouds could rise. On the morning 
of the flight, before take off, after consultation with the Weather Bureau 
and the Weather Station at the Air Base, the prediction was made that although 
moist air was moving in from the south up to an altitude of about 12,000 feet, 
the air above that was quite dry, and there were two or three layers of stable 
air with inversions which would be sufficiently strong to prevent clouds from 
rising to heights of above about 23,000 feet. Actually, however, during the 
day it was observed that most of the clouds did rise to about 23,000 feet, 
but some of them went up to about 26,000 feet or 27,000 feet. There were 
a few groups of distant clouds that spontaneously developed anvil tops. I will 
describe some of these in more detail later. 

According to notes that I made on January 15, 1949 the Weather Bureau 
reported there was stable air up to 797 mb at 8 a.m. on October 14. The 
mixing ratio is constant at about 5.0 g/kg up to 797 mb, and then it rises 
to 5.9 at 650 mb. The lapse rate is distinctly less than the dry adiabatic up 
to 400 mb. Actually, at 11:30 the lapse rate was exactly the dry adiabatic up 
to 752 mb (from observations on the plane). Then a rise of 2°C in potential 
temperature and constant potential temperature of 314°K (41°C) up to 
533 mb. Then a rise in potential temperature to 320.5, that is, a 6° rise in 
potential temperature. 

The air just below 652 mb can be taken to be well mixed. The mixing 
ratio x equals 5.9 after noontime. If the air is lifted adiabatically, it would 
give a cloud base at 620 mb which corresponds to 13,800 feet (corrected). 
Above 652 mb the air is dry (x = 2.6 up to 558). Because of the rise of 
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potential temperature between 622 and 652, the air should be stable, but if 
it were lifted by an updraft of air from the ground or from orographic lifting 
(I wish to calculate the velocity that will be necessary) to the level of 595 
mb, it would be unstable again (actually metastable) all the way up to 325 
mb, roughly, 28,000 feet, above which the air is definitely stable. 

The freezing level is at 14,630 feet, and the level at which the temperature 
is —39°C, that is, the temperature at which ice crystals form spontaneously, 
is 33,700 feet where the pressure is 280 mb. The cloud base level is 13,800 
feet corrected. The top of the layer of moist air can be taken to be 12,400 
feet corrected. The maps show that there is moist air moving in from the 
gulf, with a south wind at El Paso, southeast at San Antonio. At San Antonio 
at 700 mb (10,530 feet) x = 3.4 g/kg with the wind of 6 mi/hr from 60°. 




















Tanz I 
At El Paso 
| 
Pressure | Altitude | Temp. = ae Direction Mijlir x 
850 mb 5,100 19° | 55 120° 8 |.9.0 
700 mb | 10,500 10° | 65 160° 18 7.0 














The moist air reaching Albuquerque comes from the direction of El Paso, 
which is approximately 200 miles to the south. At 6 p.m. on October 13 at 
Albuquerque the mixing ratio was 4.8 at 811 mb and 3.4 at 594 mb at about 
15,000 feet. Thus it is clear that the humidity is increasing up to an altitude 
of about 12,000 feet, and it is higher at El Paso than it is at Albuquerque. 

From the photographs that we obtained while circling above and among 
these clouds we have several complete panoramas of the horizon from an 
altitude of 26,000 feet so that all high cumulus clouds and anvils in the region 
could be seen. At 11:33 in the morning it was seen that there were many very 
distant cumulus clouds which had already dissipated leaving anvil tops behind, 
while the lower cumulus part had disappeared. Then at 11:36 the photographs 
show that in a direction of 160° there was a large cumulus cloud with an anvil 
top at least 20 or 30 miles long at about 80 miles distance. There was a small 
thunderhead with anvil top at a bearing of about 240° at a distance of about 
100 miles, and at this time there was also one mushroom-shaped cloud with 
a very distinct anvil top at 120° at 40 miles distance. 


Winds Aloft as Observed from the Plane 


The plotting of the photopanel data and comparison of these data with 
the determined positions of the plane with respect to the ground make it 
possible to determine with considerable accuracy the wind direction at the 
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height at which the plane was flying which, during most of the day, was 
at 26,000 feet to 27,000 feet. Preliminary calculations of this wind velocity 
at this height have shown that the wind and the cloud tops were moving at 240°. 

The mushroom-shaped cloud that was observed and photographed at 
12:26, just seven minutes before the third seeding, gives a good indication 
of the meteorological conditions. At that time, the percentage of cloudiness 
was relatively very small. The ground could be seen in nearly all directions 
and the shadows of the clouds on the ground represented only a small fraction 
of the total surface. The mushroom-shaped cloud had an almost vertical 
column or stem which was about 4.5 miles in diameter and with sides almost 
parallel, rising vertically up from the cloud base at approximately 13,000 
feet to a height that is found to be about 34,000 feet and the top of the 
anvil top, 42,000 feet. 

A particularly noteworthy feature of this and nearly all thunderstorms, 
even at a great distance, is that the anvil tops developed very symmetrically 
with respect to the lower part of the cloud. This means, I think, that from 
an altitude of from 20,000 feet up to 40,000 feet the velocity of the air is 
practically constant. There is no shearing motion that tends to prevent the 
development or distort the anvil top. This, I think, is a very favorable condi- 
tion for the development of large cumulus clouds. 

On the other hand, in practically all of these naturally forming towering 
cumuli it was apparent that there was little or no snow falling from the 
anvil top. Furthermore, the base of the anvil top was clean-cut and flat. I think 
this indicates that the cloud does not form an anvil top until it reaches the 
level at which the temperature is —39°C where there is spontaneous seeding. 
In other words, on October 14 there was an almost complete lack of subli- 
mation nuclei on which snow crystals could form. Thus, the snow particles 
that did form in the anvil top formed so suddenly at this altitude that they 
were at least as small as ordinary cloud particles and did not settle out. 
They made a-very stable anvil top so that none of the snow in the anvil 
top came down and seeded the cloud below. This was evident by the fact 
that so many of the anvil tops remained in the air after the cumulus clouds 
under them subsided. 

I think this is a very important point because the cloud which we seeded 
developed into quite a different type of cloud system than those which we 
observed in the adjacent regions on this day. I think the difference is that 
we introduced ice nuclei into the bottom or low level layers in the clouds 
right down to the freezing level, and this caused the cloud at all heights to 
contain snow crystals of assorted sizes so that when the anvil top did form, 
it formed at an altitude far lower than 34,000 feet, and the air below the anvil 
top was full of ice crystals in all directions. This made it possible for snow 
crystals to be sucked into all the growing cumulus clouds at low levels by 
entrainment, so that all subsequent cumulus clouds formed in turn the same 
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kind of diffused anvil top. By causing the rapid conversion of supercooled 
water droplets into ice crystals at low altitudes, this mechanism gave the clouds 
much more energy than if the conversion from water to ice occurred only at 
the highest level of the cloud, such as 34,000 feet. 

Before considering in more detail the results of the flight as shown, for 
example, by the photographs, I shall give excerpts from a Controller’s Report 
which was prepared by Samuel Stine before the photographs were seen. 


Excerpts from Controller’s Report 


’ **Pre-Flight Weather. During the preceding day (October 13, 1948) a moder- 
ately deep tongue of warm, moist air had moved northwestward from the 
Gulf of Mexico. By flight time on October 14, this warm moist air had caused 
the formation of low stratocumulus to the east of the Sandia Mountains and 
was providing moisture and energy for cumulus formation over the Sandia 
Mountains and the Manzano Mountains. Cumulus build-up had begun in 
all sectors of the sky by take-off time. One cumulus cloud, approximately 
80 miles to the southwest, had reached the anvil stage by take-off time. The 
cloud conditions at Albuquerque were scattered over Kirtland Air Base be- 
coming broken to overcast above the mountains at approximately 14,000 feet. 
The clouds were fine weather cumulus type with little or no stratus formation. 
At approximately 23,000 feet, there was a 3° to 4° inversion which was ex- 
pected to prevent any cumulus development above that level in the vicinity 
of Albuquerque. No precipitation was expected at Albuquerque throughout 
the day. The freezing level was at approximately 14,000 feet. 

“Flight Time and Area. Take-off on Flight No. 45 for aircraft 5667 was 
at 10:52 and for aircraft 7746 at 10:53. Four seeding operations were carried 
out. The first of these seedings was conducted approximately 11 miles east 
of Kirtland Air Base. The second, third, and fourth seedings were conducted 
within a 750 square mile area centered near the village of Punta, New Mexico. 
The village of Punta lies on the eastern slopes of the Manzano Range, 37 miles 
southeast (147°) of Kirtland Air Base. The aircraft 5667 landed at 13:58 MST 
and aircraft 7746 landed at 14:05.” 

As mentioned earlier the first seeding which was made with silver iodide 
was carried out in small clouds with temperatures that were not favorable 
for adequate modification effects. The presence of these sublimation nuclei 
might have had somé subsequent effects on the clouds, but this cannot be 
evaluated with any degree of accuracy. 

‘‘Second Seeding at 12:14. The second seeding was accomplished over 
the Manzano Mountains. The seeding run by aircraft 5667 was begun one 
mile due west of the village of Tajique and was flown on a heading of 243° 
at an indicated air speed of 170 mph. The seeding altitude was 23,000 feet 
and the corrected free air temperature was —23°C. Seeding was accomplished 
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about 100 feet below the top of the cloud. A line seeding consisting of 10 pounds 
of dry ice was made through a spire. The seeding run lasted 40 seconds, begin- 
ning at 12:14. 

‘Sixteen K-20 photographs were taken from aircraft 5667. Twenty-two 
Speed Graphic photographs were taken from aircraft 7746, with serial numbers 
from 1 to 22. Aircraft 7746 circled the cloud counterclockwise during the 
seeding operation at an altitude of 24,000 feet. Aircraft 5667 probed the seeded 
cloud and reported clear ice on wings, antennae, nose and stabilizer. The 
probing required 11 seconds time. Moderate turbulence was experienced 
in the cloud. No major changes were noted in the cloud shape. No attempt 
was made to place the dry ice in the convective chimney of the spire seeded.’”’ 
(We shall see that the photographs show unquestionably that after a short 
time ice or snow was observed in the lower part of the cloud.) 

“Third Seeding at 12:32. The third seeding was accomplished over the 
Santa Fe Railroad right-of-way just south of the Manzano Mountains. The 
seeding was begun by aircraft 5667 at.12:33 at a point about two miles south 
of the village of Mountainair and was completed one minute later. The aver- 
age course of aircraft 5667 during the seeding was 212°. The average indicated 
air speed was approximately 155 mph. The seeding altitude was approximately 
24,500 feet. The aircraft 5667 was inside the cloud for 28 seconds. The 
free air temperature outside the cloud was —24°C. Approximately 15 pounds 
of dry ice were dispensed. Light turbulence was experienced during the period 
within the cloud. Ice was observed on the leading edges of the wings and 
rudder during the seeding. 

‘Seven K-20 photographs showing the seeded cloud were taken from air- 
craft 5667. The first of these photographs is number 45-667-33 and the last 
is 45-667-39. One hundred and five photographs were taken from aircraft 
7746, of which four turned out to be blanks.- The first of the photographs 
from aircraft 7746 showing the seeded cloud is 45-746-25 and the last is 45- 
746-127. 

“Aircraft 7746 made five clockwise circuits around the seeded cloud at 
an altitude of 25,000 feet to 26,500 feet. Aircraft 5667 probed the seeded cloud 
twice at 12:55 for 48 seconds and at 12:57 for 75 seconds. Both of these probes 
were made at about 24,000 feet. Heavy turbulence was encountered during 
these probings. The precipitation static was severe. Snow and rain were ob- 
served and hard rime ice formed on the wings. The first lightning bolts (2) 
were noted at 13:14:25 from the base of the cloud seeded during the fourth 
seeding (see below). A number of lightning flashes were observed throughout 
the remainder of the flight, but no record was kept of individual flashes. 

‘‘Long veils were observed hanging from the seeded. cloud at 13:14; at 
13:32 aircraft 5667 reported large mammatus cloud formations at 16,500 feet. 
At every level they were forced to remain outside of the cloud proper because 
of the extreme turbulence and the proximity of the mountain peaks. At 13:43 
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the base of the cloud was reached at 13,500 feet. Rain and snow were both 
observed. There was moderate turbulence in the precipitation. An ice veil 
was present at the level of aircraft 7746 (24,000 feet). Hail was observed at. 
11,500 feet and at 13:38 by aircraft 5667. 

‘*The Controller’s Notes of the Third Seeding, The cloud chosen was just 
in the process of rapidly surging upward as the dry ice was dropped into it. 
The upsurge seeded was lower than the highest point of the cloud. Immediately 
following the seeding, a boiling surging mass of cloud towered from the position 
seeded. The convective ‘‘chimney” beneath this turbulent cloudhead seemed 
to thicken and became more vertical. The cloudhead above this ‘‘chimney’” 
subsided, but a larger, broader, and more turbulent mass of cloud immediately 
replaced it. From this huge mass of cloud, a slender finger of cloud penetrated 
up through the inversion. The base of this finger seemed to broaden and soon 
the entire cloud was capped by an anvil.” It was the opinion of the controller 
that the growth of the cloud was accelerated by seeding with dry ice. He be- 
lieved the cloud would not have reached the thunderstorm status before dis- 
sipation over the western slopes of the Manzano Mountains would have taken 
place. 

‘*Fourth Seeding at 13:07. The cloud seeded lay just to the northeast of 
the cloud which was seeded at 12:32. The purpose in seeding the cloud was 
to discover if all of the clouds in the immediate area would respond as the 
cloud of the third seeding had responded irrespective of orographic effects. 
The seeding run was begun at 13:07 and lasted for 3 minutes. 

‘‘No attempt was made to photograph or probe this cloud after seeding. 
The seeding course was approximately 80°.” The controller says of this cloud 
of the fourth seeding that it grew slowly as compared with the cloud seeded 
at 12:35. It merged with the third seeded cloud before the experiment was 
abandoned. 

‘*Post-Flight Weather. Shortly after the flight was completed, the controller 
went to the weather station at Kirtland Air Base. During the time of the flight 
back to Kirtland Air Base from the seeded area, the cumulonimbus in the 
southwest had merged with the thunderstorm which had been seeded. The 
merger proceeded slowly at first, only the cirrus scarves of the anvils meeting. 
After these scarves had been well merged, a long low squall developed near 
the base of the clouds. The bases and the intervening spaces rapidly filled, 
and mammatus cloud formations could be seen along the leading edge of the 
squall line. By this time the entire cloud mass towered to an estimated 40,000 
feet or higher and filled the entire southern portion of the valley. The bases. 
appeared to be near 13,000 feet. 

‘About 15:30 the surface wind began to blow from the south at steady 
velocities of from 20 mph to 25 mph with frequent gusts of 20 seconds duration 
to 40 mph and 45 mph. A stinging cloud of sand and dust rose to an estimated 
1200 feet and visibility was severely reduced. Light rain showers fell but no 
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lightning or thunder was noted overhead until 3 hours later, although much 
lightning could be seen to the south and thunder could be heard. Intermittent 
showers accompanied with gusty winds continued until 18:30 when a severe 
thunderstorm moved over the station. The lightning was especially severe, 
and at its maximum frequency was estimated as high as 200 strokes per minute. 
(This estimate was made from a radio set that was used at the School of Mines 
for checking up on thunderstorms.) Contact was made with the Weather Bureau 
Station at Albuquerque regarding the weather for this day. They told us that 
the sequence of weather was extremely unusual.” 


Use of Radar in Connection with Flight 45 


One of the reasons for planning to make a flight at Albuquerque was that 
there is a group there under the leadership of Dr. E.J. Workman of the Re- 
search and Development Division, New Mexico School of Mines, working 
on thunderstorm studies as a Signal Corps Project. We desired to cooperate 
with this project and particularly to use the radar equipment that they have 
for detecting and locating the rain that might develop as a result of seeding 
operations. It was also planned to test out the possibility of having the flight 
controlled and the coordination of the two planes managed by radio com- 
munication from the ground, together with the radar observations of the 
positions of the planes and of clouds which give echoes. 

On October 12, a trial of this system was used. It was found, however, 
that the radio communication was not reliable, and above all, it was found 
that the range of the radar was not sufficient to keep in contact with the plane 
at all times. The observers in the plane knew so much more about the weather 
from their direct observations than those on the ground that it was soon realized 
that operations of this sort should be and in fact must be controlled from 
a controller in the air who sees all the clouds within a wide horizon. 

‘On October 14, it was planned to have continuous lapse-time movies of 
the clouds seen from the station, as well as a series of still pictures, and also 
to use the radar to detect any rain falling. The radar was set into operation, 
but there were very few clouds in the neighborhood of Albuquerque. During 
the first seeding with silver iodide radio communication was established between 
the planes and the Albuquerque radar station, but no echoes were received 
that could be associated with the use of silver iodide. After that, for some 
reason, the radio communication with the plane failed and those operating 
the radar station at Albuquerque did not know where the plane was. 

At first the radar set was operated so that echoes from short range, of less 
than 25 to 30 miles, were detected. At 12:56 adjustment was made so that 
the range was greater. At that time it was found that. there were two regions 
of echoes. The reason that the range of the radar was extended at that time 
was that large cumulus clouds were seen to be developing in the south, and 


Google 


Results of the Seeding of Cumulus Clouds in New Mexico 155 


they were the only ones in sight at that time. Therefore, they turned the radar 
on to observe these clouds. Not being in communication with the plane, how- 
ever, they did not know that these were the clouds that had been seeded. 

The radar pictures were continued until 13:33. At that time the plane 
was returning, and I suppose that radio communication was established with 
the plane and they understood that the flight was over. No further radar pictures 
were taken during the day. This was unfortunate because the storm that de- 
veloped approached Albuquerque, and it would have been of great interest 
to have known how it was distributed in time and space. Photographs were 
taken of the radar scope, so that we have a complete set of photographic radar 
results from 12:55 to 13:33. The results of the analysis of these radar data 
will be described after the photographic results have been discussed. (In 
Final Report on Flight 45.) 


Surface Weather Observations at Kirtland Air Base in Albuquerque, New Mexico 
on the Afternoon of October 14 

Until 14:30 the wind was less than 7 mph. At 15:30 there was a wind of 
16 mph and the visibility fell to 1/4 mile due to blowing dust. At 15:35 there 
was a wind of.27 mph; at 15:45, 20 mph; at 16:30, 27 mph; and at 16:35, 28 mph, 
all from the south and southwest. Before 14:30 the wind had been mainly 
from the north and west. At 16:35 the visibility again fell to 1/4 mile due to 
blowing dust. At 17:30 it was reported that there was occasional lightning 
in the east, south, and southwest. At 17:45 occasional lightning to the east 
and south. At 18:01 frequent lightning to the southeast and south. Frequent 
lightning in the south, southeast, and west was noted at 18:30, and at 18:35 
frequent lightning in the south and northwest. At 19:30 lightning in all quad- 
rants, cloud to cloud and cloud to ground. Again at 19:40, cloud to cloud 
and cloud to ground lightning in all quadrants. Lightning in all quadrants 
continued until 20:30 with frequent flashes from cloud to cloud and cloud 
to ground. At 21:00 there was occasional lightning, and no further reports 
of lightning at Albuquerque. 


Photopanel Data 


On returning to Schenectady, the photopanel film was developed and the 
readings of the instruments were recorded and tabulated. For plane 7746, 
there were 371 frames which gave the rate of climb, the indicated air speed, 
the indicated altitude, the true heading, the reading of the turn and bank in- 
dicator, and the panel indicator which showed the source of the signal that 
called for the photopanel picture; that is, whether the picture was taken by 
the photographer or by the meteorologist or the pilot. From these data, a flight 
path was plotted on the scale of one centimeter to the mile showing the path 
of plane 7746 through the air. No correction was made at this time for the wind 
at different altitudes. This was done because in most cases the clouds that 
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were being photographed were at approximately the same altitude as the plane, 
and it would have been very misleading to plot the path with respect to the 
ground, since the clouds were moving with the air in about the same manner 
as the plane was. Later, the apparent positions of points on the ground could 
be plotted on the same sheet as the flight path of the plane, and from this 
apparent motion of points on the ground, the wind velocity at given altitudes 
could be determined. Similar calculations were made from the data of the 
photopanel on the plane 5667, but these have not yet been completely analyzed. 

On the flight path plot, points were inserted to indicate the places at which 
photographs were taken; the photographs were given numbers from 1 to 
127. In calculating the positions on the flight path plot, the coordinates x 
and y of the plane with respect to an arbitrary set of coordinates moving with 
the air were determined. On 12 different occasions throughout the flight, 
fairly accurate determinations were made of the position of the plane with 
respect to points on the ground that could be seen. By taking the values of 
x and y on the plot with reference to the air and comparing them with the x 
and y values corresponding to the coordinates of the point on the ground 
with reference to the town of Punta taken at origin, it was possible by sub- 
tracting these coordinates to determine the apparent motion of Punta with 
respect to the air coordinate. It was found, in fact, that Punta described a 
practically straight line with a standard deviation of about 2.5 to 3 miles. The 
direction of this line and the motion along it corresponded to a wind velocity 
of 49 mph from 243°. 


Analysis of the Photographic Data 


The photographs were all enlarged to 8-inch x 10-inch size, and this 
corresponds to a focal length of 10.0 inches. An horizon line was drawn from 
points on very distant clouds or near the horizon making allowance for the 
curvature of the earth. Then a vertical line corresponding to the principal 
plane was drawn through the center of the photograph. A set of grids was 
constructed which, when superimposed on the pee: and the horizon 
lines gave the vertical and horizontal angles. 

A wire had been strung from the wing tip to a point on the elevator, and 
on this wire there were two-insulators mounted at fixed positions. At least 
one of these could be seen in each, and by measuring their positions it was 
possible to determine the direction of the camera axis with respect to the 
heading of the plane. Then by using the photopanel data for the plane heading 
the angle go, the true bearing of the camera axis, was calculated. By examining 
the photographs and measuring vertical and horizontal angles of any desired 
points, it was possible to draw on the flight path plot the line giving the direction 
of a particular cloud or feature of a cloud. In this way, by using successive 
photographs and the intersections of these lines, the actual distances of selected 
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clouds were measured. The vertical angles gave the heights above and below 
the plane of the horizon which is the horizontal plane at the altitude of the 
observing plane. The methods of calculating these data have been described 
in previous report of Project Cirrus.* 

It may be stated here that the cloud of the third seeding developed rapidly 
into a very large thunderstorm and gave heavy snowfall at high altitudes with 
rain below. Each of the successive heads or towers that developed in the cloud, 
which came at intervals at first of about 1.5 minutes and later at intervals 
of 4.5 minutes, reached increasing heights and gave residues of increasing 
amounts of snow which ultimately merged to form an anvil top. I will quote 
one source on the development of the remarkable cloud that resulted from 
the third seeding. 

In Photo No. 45 there appears the beginning of what the controller of the 
flight called ‘‘The Powderpuff”’. It is apparently a huge vertex ring that started 
at relatively low altitude and grew with tremendous rapidity reaching a maxi- 
mum vertical velocity of 32 mph. The outside lateral surfaces of it, however, 
were practically stationary or even moving downward so that the internal 
velocity was- presumably very much higher than 32 mph in a vertical direction. 

In Photo No. 45 at 12:53:43, only 20 minutes after seeding, the top of 
“The Powderpuff” was 9000 feet below the elevation of the plane. In Photo 
No. 47 at 12:54:05 it was 5200 feet below the level of the plane. At Photo 
No. 49 it had reached the level of the plane; in other words, it had risen 9000 
feet in about 200 seconds. In all, the cloud top rose from an altitude of 17,000 
feet up to 30,000 feet in about 530 seconds—about 7.5 minutes. 

This cloud originated near the base of the cumulus cloud as an off-shoot. 
In fact, all of these clouds seemed to develop from a low part of the cloud. 
This, I think, is a direct result of the effect of ice crystals in that part of the 
cloud. The turbulence within a cloud of this sort must be extremely great 
when one considers that the wind at the top was moving 40 mph to 49 mph 
from the southwest, whereas the cloud progresses against the wind at a veloc- 
ity of about the same magnitude. How snow crystals can be carried against 
the wind in this way is something that requires a great deal of consideration. 
It is a rather surprising fact, but it means that velocities within the cloud in 
many places must be much higher than 50 mph. 

All during this time the cloud was growing greatly in diameter and in the 
degree of turbulence. Notwithstanding the fact that the plane moved gradually 
further from the center of the cloud, it was seen that there were developing 
within this region a large number of simultaneously growing cumulus heads. 

In Photo No. 51 at 12:48 very clear evidence is seen of the development 
of an anvil top. There are also several small regions that show snow crystals 
falling from the cloud. Beginning in Photo No. 62 there is a circular roll cloud 


* Final Report, Project Cirrus. Contract No. W-36-039-sc-32427. pp. 34-39, (December 
1948). 
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Photo No. 45. 
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Original from 


Digitized by (GO gle UNIVERSITY OF MICHIGAN 


Results of the Seeding of Cumulus Clouds in New Mexico 159 





Photo No. 49. 
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Photo No. 53. 
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Photo No. 57. 





Photo No. 62. 


11 Langmuir Memorial Volume XI 


dby (GOC gle UNIVERSITY OF MICHIGAN 








Dig 


162 Results of the Seeding of Cumulus Clouds in New Mexico 


around the whole group of cloud ‘‘A”’ which now has multiple tops, many 
actively growing and several subsiding. In Photo No. 53 large amounts of snow 
are falling from the anvil top far outside the cumulus part of the clouds. This 
is something that I believe is particularly characteristic of the cloud that is 
seeded with the introduction of ice crystals in the base. It causes the cloud 
to spread rapidly and carry snow crystals into the neighboring smaller cumulus 
clouds which are gathering around it. This extensive spreading of snow crystals 
is already occurring very actively 16 minutes after the original seeding. In Photo 
No. 54 it is seen that this snow is falling from the anvil top several thousand 
feet down into other cumulus clouds in this neighborhood. Each successive picture 
shows the snow spreading to larger and larger areas, and the evaporated tops 
of the cumulus clouds are evidently increasing the humidity so that subse- 
quent tops as they come up to high altitude evaporate more and more slowly. 
Beginning with Photo No. 57 at 12:53, 20 minutes after seeding, there is clear 
evidence of rain or snow falling from the base of the cumulus cloud. Many 
of the subsequent pictures show this. In later pictures the cloud is so large 
and the plane is so close to it that usually the base of the cloud cannot be seen. 

The fourth seeding was made in a cloud which was called ‘‘B”’. The analysis 
of the flight path data proves that cloud ‘‘B’’ was really the same cloud mass 
that had been seeded in the second seeding, having grown in the meantime 
into a series of cumulonimbus clouds. It appears, therefore, that the ice crystals 
produced by the second seeding, when they were gradually drawn into the 
region near the cloud that resulted from the third seeding, themselves developed 
into large cumulus clouds. The radar pictures give particularly good proof 
that these two storms developed side by side and gave heavy rain in approx- 
imately circular areas of a diameter of six miles each. This rain was also shown 
on the rain gauges. 

In connection with the rainfall analysis, it may be said that rainfall appears 
to have been produced over an area of more than 40,000 square miles as a result 
of a seeding. This is about 1/4 of the area of the state of New Mexico. Outside 
of this area, the average rainfall per unit area was only about five per cent 
of that which occurred within this area. 
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Research Laboratory Report No. RL-365, July (1950). 


First Trip to Honduras in 1948 


Durinc February and March of 1948 I visited Costa Rica and Honduras. 
I observed clouds along the Continental Divide in Costa Rica and other clouds 
near Tegucigalpa, at La Lima, and at Lake Yojoa in Honduras. I found that 
even in the dry season, many of these clouds reached heights which I believed 
were sufficient to ensure success in rain-making using the water seeding tech- 
nique. 

We had proposed that the water seeding could best be done by dropping 
water balloons containing about a gallon of water from an airplane with a string 
about 100 feet in length attached so that the ballon reaching the end of the 
string is suddenly ripped open. If water merely escapes from a pipe or tube 
and strikes air moving at 180 mph with respect to the tube, the effect is like 
that of an atomizer. The droplets of water are broken into such small size 
that they are not greatly different from those in the cloud particles. However, 
where a mass of water—a gallon—falls 100 feet, it is accelerated largely due 
to the speed of the air around it and when the balloon is broken, the large 
part of the water remains in relatively large drops which should be favorable 
for the setting up of a chain reaction. 

Another technique that would be feasible under these conditions would 
be to use crushed ice broken into fragments of 1/2-inch diameter which would 
melt as they fall, shedding small droplets of water which would be very large 
compared with the sizes of the cloud particles. 

On March 1, 1948 at Lake Yojoa, I observed and photographed a large 
cloud growing over Santa Barbara Mountain—9300 feet altitude. The cloud 
rose to a great height which I then estimated to be at least 24,000 feet and 
near its top it showed signs of turning to ice crystals. These, however, were 
carried towards the northeast by a counter trade wind, and I could see that 
none of the ice crystals dropped back into the lower cloud. Ultimately, this 
layer of the cirrus clouds that were formed spread over about half the sky. 
Other clouds in the neighborhood seemed to be doing the same thing. I de- 
scribed this by saying that clouds were pumping cirrus; that is, they constituted 
tremendous pumps which lifted a large amount of moist air from low altitude. 
Then because of the heat generated by the ice crystal formation, the air could 
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not subside back to the original level, but stayed aloft to form a layer of cirrus 
clouds. 

Although no general rain developed during the afternoon by this process, 
there was one very small local rainstorm of short duration covering less than 
1/4 mile in diameter on the side of Santa Barbara Mountain. This rain did 
not spread throughout the cloud; in other words, the conditions were not 
favorable at that point for setting up the general chain reaction of the water 
seeding type. Later in the evening, long after sunset, perhaps 7:30 or 8 o’clock, 
one could see distant flashes of lightning behind Santa Barbara Mountain 
which presumably meant that some of these clouds had become seeded by contact 
with the upper layer of cirrus clouds and had developed into thunderstorms. 

On the following day, March 2, from La Lima I could see a similar develop- 
ment of cirrus clouds going on in the general direction of Tegucigalpa with 
clouds which spread over an enormous area gradually moving north from 
Tegucigalpa and Lake Yojoa. Again about 8 o’clock in the evening, distant 
thunderstorms could be seen in that general location. From these observations, 
and from conversations that I had with San Salisbury, I became convinced 
that Costa Rica and Honduras were regions where water seeding techniques 
could be carried on during most of the year and possibly dry ice seeding could 
be carried on during part of the rainy season when, according to Salisbury, 
clouds usually rise to heights above 17,000 feet and the tops are presumably 
well above the freezing level. Therefore, they could be expected to respond 
to dry ice seeding. 

In February 1949 the staff of Project Cirrus made a trip to Puerto Rico 
and for 10 days studied the tropical clouds in the neighborhood of that island. 
The dominant feature of the weather at that time was the strong inversion 
at atou: 8000 feet. The result was that very few clouds rose above 8000 or 
10,000 feet, even over the mountains in the interior. There were occasional 
light rains from low thin clouds that were sometimes only a few hundred 
feet thick. We believe that rains of this type are due to droplets of salt spray 
that get carried aloft from breaking waves. Such conditions are very unfavorable 
for seeding experiments. The air above the inversion at this time of the year 
is very dry so that any clouds that rise above the inversion evaporate rapidly. 

From the middle of April until about the first of June 1949, I made an 
extensive trip in Honduras, Costa Rica and Guatemala, observing the deve- 
lopment of clouds and, particularly, learning what was being done by Joe 
Silverthorne in seeding clouds in Honduras. He was doing this work for the 
United Fruit Company for the purpose of testing out the possibility of con- 
trolling rainfall and particularly for stopping blow-downs that result from 
winds associated with thunderstorms which occasionally destroy large stands 
of banana trees. 

The -remarkable thing about these experiments in Honduras is that Joe 
Silverthorne flew a Lockheed Lodestar almost every day for many months 
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beginning in November 1948 up to the time that I left there in June. I took 
part in only five of the flights with him, but I had full reports of all the flights 
that he made. He adopted many of the techniques that I had suggested in 
connection with the possibility of chain reactions in clouds. I have written 
up a long report on my observations in Honduras from which at this stage 
I will make only a few quotations. 

At my instigation, Silverthorne installed in his plane two instruments 
which have proven to be very useful. First, the vortex thermometer of Dr. 
Vonnegut and second, a scoop which is a funnel-shaped device placed above 
the plane with a four-inch diameter funnel which collects all intercepted rain 
when the plane flies underneath a rain shower. In this way, it is possible to 
measure directly the grams per cubic meter of rain falling through the air 
and then from assumptions about the rate of fall of raindrops, which is usually 
of the order of eight meters per second, one can estimate the rate of rainfall 
that reaches the ground. 

In May 1949 Silverthorne made many measurements with this scoop and 
found, in many cases, extremely high rates of rainfall produced in tropical 
clouds by seeding with either water or with dry ice pellets. 

While I was in Honduras there was a drought. It was the dry season, but 
the dry season had been unusually severe and over nearly all of Honduras 
there was no naturally occuring rain at all. Only at a few points along the coast 
near Tela did any natural rain form. There was, as usual, the trade wind coming 
in from an ENE direction during all daylight hours. The country was covered 
by a dense pall of smoke because of the habit of the farmers of clearing the 
land by setting fires so as to be able to plant crops the next year. 

It is of interest that during the night there was little wind blowing in from 
the sea and during most of the day along the coast there was a dense pall of 
smoke up to an inversion of about 6000 to 8000 feet which was full of smoke 
blowing in from the northeast or the ENE; in other words, blowing in from 
the Caribbean. During the night catabaric winds were moving down from the 
land and carrying the smoke out to sea against the trade winds. During the day, 
this smoke came back. Further south the smoke reached greater heights, usually 
up to 10,000, 12,000 and 13,000 feet. The small fair weather clouds, which 
along the coast frequently had bases up to 6000 feet, became during the afternoon 
very large cumulus clouds along the Great Divide which averages about 7000 
to 9000 feet in height, 150 or 200 miles south of the coast. 

Several new techniques were introduced and tied out. About the middle 
of April, Silverthorne arranged to get 500-pound lots of dry ice from New 
Orleans and about 250 pounds arrived at La Lima. I told Silverthorne that 
from our experience it was probably not necessary to use more than one 
pellet of dry ice for any single cumulus cloud. I recommended using pieces 
about one-inch cube. He was very much interested in this because it would 
facilitate the use of dry ice, since enough dry ice for this kind of seeding could 
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be stored for a considerable time. Joe proposed that if it was only necessary 
to use one pellet of dry ice, it might be possible to shoot this into the cloud 
by a sling shot, and he proposed to get the men at the airport at Tegucigalpa 
to build a spring gun for this purpose. 

The whole plan of action at that time was this: it was sometimes desired 
to produce rain and sometimes desired to prevent rain. The idea was that 
by overseeding the top of a high cumulus cloud rain would be prevented. 
The top of the cloud would float off into the higher altitude where it would 
be blown away by the counter trade wind. If, on the other hand, the cloud 
was seeded just above the freezing level, heavy rain might be produced. 
Similarly, water balloon seeding could dissipate a cloud and produce rain 
at low altitudes. 

However, it seemed that dry ice seeding might be much more effective. 
Silverthorne had already stated that almost every day during March and 
April along the line of the Great Divide, 10 or 15 large clouds developed 
to a height such that the tops must have temperatures well below freezing; 
in other words, they must become cool clouds which should respond to dry 
ice seeding. 

I proposed two new techniques: first, by the means of the single-pellet 
seeding it would be possible to introduce the dry ice pellets from the outside 
of the cloud by making short passes into the cloud, banking the plane at angles 
of 45° or 60°, and at the same time releasing single pellets of dry ice. The 
second technique would employ a device which I proposed to call a ‘‘trickler” 
in which a small amount of liquid carbon dioxide is allowed to escape from 
a small orifice about 0.003 or 0.004 inch diameter directly into the air moving 
past the plane. I will tell more about the construction of this device later in 
describing the results obtained by its use. The trickler is to be used to introduce 
ice nuclei only into the top level of the cloud. I thought that this might be 
particularly useful in dissipating a cloud, because under these conditions there 
would be a tendency for the top of the cloud to float off (as we had observed 
in some clouds at Albuquerque, New Mexico) and so to leave the lower part 
of the cloud undisturbed. This could be done repeatedly as long as the cloud 
shows any tendency to build. I believe that the cloud would float off in the 
form of ice crystals forming a cirrus overcast. This moisture would thus be 
prevented from going back into the lower part of the cloud, and it would also 
prevent ice crystals forming in the lower part of the cloud and would prevent 
the formation of what otherwise might be a thunderstorm or a cloud that 
would become a hazard because of the possibility of blow-downs. 

During my stay in Honduras I made five flights with Silverthorne; two 
of these were seeding flights at altitudes ranging from 20,000 to 22,000 feet 
and the other three flights were observational flights at altitudes not exceeding 
11,000 feet for the purpose of observing cloud formations and temperature 
distributions. 
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Flight of April 18, 1949 


_ The results of the flight on this day were given in Joe Silverthorne’s report. 
In my estimation these results are outstanding. We flew up to Point Sal and 
found a mass of dry air above the moist air coming from the sea at an altitude 
of about 6000 or 7000 feet. These data will be worked up in more detail 
later. From a height of about 8000 feet, looking south, a whole panorama of 
high cumulus clouds could be seen rising above the smoke, which extended 
up to about 11,000 or 12,000 feet further inland, although it was much lower 
than this near the sea. 

A large cloud was found which rose, I believe, to a height of about 25,000 
feet, and we seeded it by making a series of short passes into the cloud at 
an altitude of approximately 21,000 feet — two pellets about one inch cubed 
being dropped into the cloud at 50-second intervals during these passes. 
The whole circuit of the cloud was made and then the plane moved off a short 
distance, enabling us to see the effect produced. A band around the cloud, 
perhaps 500 or 1000 feet high, was observed which obviously consisted of 
ice crystals and ultimately detached itself from the lower part of the cloud and 
floated off as a huge mass of ice- crystals that could be seen for a long time. 
The photographs of this flight were received in Schenectady on June 30 
and are of excellent quality. After the top of this cloud had turned to ice 
crystals and had detached itself there was left under this cloud nothing but 
a group of lower clouds that reached only about 14,000 feet, which was below 
the freezing level. Later we flew down among these clouds and found that cloud 
bases had gone down from 12,000 feet to about 7,000 feet. It was difficult 
to see whether any rain was falling because of the smoke, but from the lowering 
of the cloud base we concluded that rain had fallen from the lower part, while 
the top of the cloud had detached itself and floated off towards the northeast. 

Shortly after seeding this cloud with 10 or 12 pellets, we picked out a smaller 
cloud nearby whose top reached about 20,000 feet and dropped one single 
pellet of dry ice one inch cubed on this cloud. About 8 or 10 minutes later 
we found that this whole cloud had changed to ice crystals. We flew through 
the ice crystal cloud and verified the fact that they were entirely ice crystals, 
You could see them blowing into the cabin, and we also found that the cloud 
gradually dissipated. It probably rained out from the lower part of the 
cloud, but this was down in the smoke level where we could not see it, and 
the top of the cloud then gradually mixed with the surrounding dry air which 
had been deprived of its source of supply of moisture from below. 

In other words, on this day we had beautiful examples of two effects that 
can be produced by seeding with pellets of dry ice. First, the seeding of the 
top of the cloud can cause the top to float off from the lower part. However, 
in this case, some of the ice crystals reach the lower part of the cloud and cause 
rain to dissipate it. In the other seeded cloud which was much lower and 
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reached only a few thousand feet above the freezing level, the whole cloud 
rapidly dissipated as the upper part changed to ice and the lower part rained out. 

The results of the flight of April 18 constitute for me a wonderful demonstra- 
tion of the effectiveness of single pellets of dry ice modifying large cumulus 
clouds. I pointed out to Silverthorne that it should not be necessary to use 
more than one pellet and that more information by far could be obtained by 
using single pellets of dry ice on single large cumulus clouds. It is probably 
important to deliver the single pellets in the proper place to get the desired 
results. On the other hand, if single pellets are used in this way on a series 
of separate clouds seeded in different positions, we can learn more of the possi- 
bilities of controlling the development or dissipation of clouds. The time saved 
by using single pellets will enable the pilot to seed a far greater number of 
clouds and gain more information than by working with one cloud and seeding 
it at 8 or 10 places. By seeding only one side of a large cumulus cloud, the 
rising currents of air resulting from the heat produced by the seeding on one 
side set up a circulatory movement in the cloud which causes a more rapid 
development of the cloud than if it was seeded uniformly all around the peri- 
meter of its cross section. On the other hand, in some cases, it may well be that 
it is important to introduce the single pellets at a height of 2000 or 3000 
feet above the freezing level on the side of the cloud where there are the 
greatest vertical updrafts. Experiments of this kind make it possible to 
determine which is the best point to seed in order to get certain desired 
results. 

April 19 was one of the very few days on which Silverthorne did not actually 
make seeding experiments. During my whole stay in Honduras I think there 
were only 3 days in which flights were not made, and in all but about 4 
or 5 days the conditions were found suitable for getting rain from the seeded 
clouds. 

I soon became convinced that the set-up for carrying out cloud seeding 
experiments in Honduras was unique. Whereas other groups working in this 
field made flights three or four times per month, limited largely by operational 
and unsuitable weather difficulties, Joe Silverthorne makes flights practically 
every day, and the meteorological conditions in Honduras are so favorable 
that somewhere within a 150-mile range clouds are nearly always found 
which are suitable for seeding. 

These clouds are always associated with certain mountains. The best generator 
of clouds near La Lima is the region about Pijol Peak, about 35 miles southeast 
of La Lima. Other clouds form over Santa Barbara Mountain near Lake 
Yojoa. But much more commonly, very large cumulus clouds form along 
the Great Divide running in a large arc of a circle from or near Talanga 
(Morazan), to the Sierra de Comayagua, Sierra de Gaujiquito, Marcala, Sierra 
de Opalaca, La Esperanza, Gracias, Siguatepeque, and Santa Rosa de Copan 
to the Guatemalan broder. 
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On many of these days, Silverthorne took photographs with a Leica camera 
with excellent results. By himself he was able not only to fly the plane, 
but to record in his notes the altitude of the plane, the airspeed, the direction 
of the heading of the plane, the time, and the direction in which the camera 
axis was pointed at the time the photograph was taken. With such information 
as his, it is possible to analyze the photographs and to determine the height 
and distance of the clouds. I have examined all the photographs and find 
that they are really excellent — among the best I have ever seen of cloud 
developments. Unfortunately, the lower parts of the clouds below 12,000 feet 
are hidden by the smoke. The photographs show fine examples of clouds that 
have been changed to ice crystals by seeding. 

About April 21, Silverthorne proposed that instead of using a spring gun 
to project single pellets of dry ice, a shotgun should be used. He actually tried 
this out at Tegucigalpa and found that by using the ordinary charge of powder 
in the cartridge of a shotgun, after removing the lead shot, the pellet of 
dry ice was shattered into fragments; however, by removing about half the 
powder the pellet of dry ice could be projected without breaking. Later the 
same day, using a Very pistol of about one-inch diameter bore and with a pellet 
of 1.5 inches to 2 inches in length shooting straight up in the air, he found 
that it took eleven seconds before the pellet fell back to the ground. From 
this one can calculate, neglecting air friction, that if the projectile is fired 
up at an angle of 45°, the horizontal range would be about 700 feet before 
the projectile returns to the level from which it was shot. With a plane 
moving at 150 mph and a pellet fired at right angles to the path of the 
plane and upward at a 45° angle, the horizontal velocity component would be 
245 feet per second, and the pellet would have a total range of about 1600 
feet through the cloud before it returns to the level of the plane. 

In flights after April 22 the dry ice seeding done by Silverthorne was usually 
done by means of the Very pistol shooting pellets out from the left side 
of the plane and upward to an angle of 45° and at right angles to the direction 
of the plane. 

A few days later at the Tegucigalpa Airport, the construction of the trickler 
device was completed. A cylinder of liquid carbon dioxide about 6 inches 
in diameter and about 18 inches long was mounted in the plane so that the 
valve was at the lower end and was connected to a 1/8-inch diameter steel 
tube which extended about 6 inches below the outside surface of the fuselage. 
The end of this tube was covered by a piece of nickel foil, 0.005-inch thick, 
in which a very fine hole. had been made by forcing the tip of a needle 
through it. Later measurements show that the liquid carbon dioxide escaped 
from this hole at a rate which gave one gallon of gaseous carbon dioxide every 
23 seconds. 

By operating this trickler with the plane on the ground it was found that 
by holding a piece of any black surface near the orifice of this little nickel 
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plate, a deposit of solid carbon dioxide about 1/8 inch in diameter formed 
almost instantly and evaporated within a fraction of a second after removal 
from the neighborhood of the orifice. This corresponds to a consumption of 
liquid carbon dioxide of about 3 pounds per hour. The valve of the carbon 
dioxide cylinder can be opened and the trickler operated whenever flying 
through clouds that contain supercooled water. The ice nuclei that are generated 
should be enormous in number. I intend later to make calculations and 
experiments to determine the number of nuclei which can be produced. 

By using the trickler, the supercooled top of a growing cumulus cloud can 
be converted into ice crystals so small that they will not fall down into the 
lower levels of the cloud, but will float off and so cause dissipation of the 
upper part of the cloud. Joe Silverthorne has repeatedly tried this and finds 
that by continuing to circle just within the top of a large cumulus cloud at 
altitudes of 18,000 to 20,000 feet, the cloud dissipates rapidly until there 
is practically nothing left. This technique should be particularly valuable 
in the prevention of blow-downs. 

On May 3 a cloud was observed over the neighborhood of Pijol Peak which 
threatened to become a hazard because of possible blow-down. Silverthorne 
was not ready to take off until 2:05 p.m. His plan was. to drop water balloons 
on the cloud. 

We took a great many lapse-time motion pictures of the clouds from the 
La Lima airport — one picture every 25 seconds. The developed film has 
now been received, and it shows in a striking way the rapid growth of this 
cloud prior to the seeding. It built up to a height forming at an angle of 
38° above the horizon and was a very threatening cloud until about 10 minutes 
after Silverthorne began his seeding operation with water balloons. I noted 
at the time in my notebook that this cloud had started to subside. Ultimately, 
there were two layers of clouds —a high cirrus level and a lower level of 
stratus clouds, but the whole cumulus activity had dissipated. The edge of 
the clouds did not approach closer than five miles from La Lima, but over 
Farm 17, the most southeasterly plantation in the neighborhood of La Lima, 
it did produce 3.95 inches of rain. On two or three farms it caused a blow- 
down which involved an area of about 500 acres on Farms 17 and 19, 
giving a total loss of 10,000 ‘‘stems available” and 2000 ‘‘stems unavailable” 
between 3:00 and 3:30 p.m., about one-half hour after the seeding had taken 
place. The wind was relatively low, and it was estimated that the wind came 
in gusts of only 10 mph. This was undoubtedly incorrect, because a gust of 
10 mph would probably produce no damage. The blow-down was really con- 
sidered to be more of a washout by extremely heavy rain in a localized area. 
We believed that if the plane had taken off about an hour earlier, all the blow- 
down would have been avoided. It was also thought that if no seeding had 
occurred, the blow-down would have been far more serious, as the storm 
obviously was rapidly developing into a severe thunderstorm. It was the most 
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threatening cloud that I saw during my stay in Honduras. After that, the storm 
very rapidly seemed to lose all of its activity; at least, as far as could be seen 
from the La Lima airport. 

I have about eight 50-foot reels of lapse-time movies from the La Lima 
airport. These were nearly all taken of the clouds that developed over Pijol 
Peak on many days after May 3. 

On several other occasions quite marked effects were apparently produced 
by seeding the Pijol Peak clouds. In every case, after seeding had started 
the clouds began to dissipate. I think the evidence is very good that this 
dissipation was actually caused by the seedings. During my stay in Honduras 
up to May 25 there were no further blow-downs. However, on May 24 there 
was a very serious blow-down in the southern part of Guatemala. 


Lapse-time Motion Pictures of the Pijol Mountain Clouds - 


When a large cumulus cloud developed in the course of the afternoon near 
Pijol Peak, lapse-time moving pictures were taken from the La Lima airport. 
In a few cases, however, the smoke was so dense that the clouds could not 
be readily photographed and in those cases no pictures were taken. The 
days in May during which lapse-time motion pictures of the Pijol region 
were taken were the following: May 3, 4, 10, 11, 16, 18, 20, 21, 22, and 23. 
These pictures have only recently been received but they cannot be analyzed 
in detail until the copies of the notes are at hand that give the time and 
azimuths of the camera. I was pleased to find that the Wratten A Filter that 
was used in taking these pictures was extremely effective in cutting out the 
haze and smoke that interfered seriously with visual observation. Later, 
I hope to determine the velocities and dimensions of these clouds and their 
relations to the seeding procedures that were used. , 

According to my notes on May 11 and May 12, only one cloud was found 
on each day that was suitable for seeding. On May 13, 14, and 15 Silverthorne 
was not able to find seedable clouds even on the Great Divide. The weather 
in La Lima was very dry and cloudless. 

During my stay in Honduras I measured at frequent intervals the wet 
and dry bulb temperatures and from these data calculated the mixing ratio, 
which is designated by the letter x and represents the number of grams of 
water per kilogram of dry air. I found, in general, that at Porto Cortes and 
at Tela along the coast the mixing ratios ranged only from about 18 to 20 grams 
per kilogram. At La Lima, on the other hand, the average value was about 
15.5. During the few days that I was at Tegucigalpa it averaged around 11 or 
12. The average mixing ratio of the air moving in from the coast should not 
change unless it becomes mixed with dry air from above. 

I think these results mean that along the coast the mixing ratio has a value 
of 18 to 20 only at low altitudes and that up above 6000 or 7000 feet the mixing 
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ratio is already a good deal lower than this. The lapse rate, however, is less 
than the dry adiabatic lapse rate; so that the air is rather stable as it moves in 
from the sea. Then, over the land the heating of the surface by the sun warms 
the lower layers of air until the lapse rate approaches the dry adiabatic 
lapse rate which corresponds to 5.5°F decrease in temperature for every 1000- 
foot rise in altitude. The air thus becomes unstable so that there is an active 
interchange between the air close to the ground and that above it. This causes 
a gradual mixing of the air at the lower levels with that at higher levels and 
lowers the humidity at the ground level while it raises it at higher altitudes. 
The layer of moist air thus gradually becomes drier, but becomes much thicker 
as the air moves in towards the Great Divide. It is just this condition which 
makes the air more suitable for the building up of large cumulus clouds. 

According to my notes of May 11 a big cumulus cloud was seen over Pijol 
Peak which turned to ice and ‘‘pumped cirrus” to high levels. The air on this 
day was much clearer than it had been on foregoing days. At 5:12 p.m. it 
was noted that this cloud gave a succession of four different peaks in about 
the same position geographically. One after the other, these rose to a maximum 
height and then gradually turned to ice and moved off as cirrus clouds towards 
the northeast. It was observed that the ice crystals in the upper part of 
this cloud did not get back to the lower part of the cloud. The total time 
during which these four successive peaks developed and dissipated was about 
40 minutes. It was noted on May 12 that the air was freer from smoke than 
on any day up to that time. This, I think, is an indication that many of the 
fires in the mountains had been put out by the rain that had been produced 
by seeding. On May 14, the second day in which no seedable clouds were 
found, the humidity at La Lima was the lowest that we had; it ranged only 
between 13 and 14 grams per kilogram of dry air. 

I have not yet seen the reports that Silverthorne has made on the flights 
after April 30. It will be interesting to compare these with the motion pictures 
made with the lapse-time camera. According to my notes on May 21 and 
22 particularly good results were seen from the airport at La Lima. During 
these runs, the trickler was used to seed the top of the growing cloud and 
Silverthorne reported that he was able to cause the dissipation of the top 
of the cloud after circling within it with the trickler turned on. The whole 
cloud below this level soon disappeared. 

We obtained considerable rainfall data and river gauge measurements during 
my stay in Honduras which I will report on at a later time. 


The Water Scoop Measurements on the Plane 


After May 10 the smoke gradually became much less, presumably due to 
putting out forest fires in the mountains. It then became possible to make 
a better examination of the rain falling from clouds that were seeded. At 
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first the plane was flown close to the edge of the seeded area so as to make 
a complete circuit of it. In several of these flights the time necessary to 
complete a circuit of the rain area flying close to the edge of it required 
the covering of a distance of 40 to 45 miles, which corresponds roughly to 
areas of the order of 100 square miles of rain. : 

In a few cases, when the pilot was able to locate his position exactly and 
found that there was no mountain rising into the rain area under the cloud, 
he was able to fly through a portion of the rain under the cloud and use the 
scoop to take samples of the rain. In one of the first runs he made early 
in May he found 34 grams of water collected in 90 seconds. Later in May 
when he could fly more safely under the clouds, he reported several cases 
where very much larger amounts of rain were recorded. The highest on record 
amounted to 74 grams of water collected by the 4-inch diameter scoop in 20 
seconds. This corresponds roughly to a density of rainfall, assuming reasonable 
sizes for the raindrops, amounting to about 10 inches of rain per hour. That 
measures the intensity of the rain, but does not tell anything about how 
long the rain would have lasted. It is hoped that as the rainy season ap- 
proaches and the air becomes free of smoke it will be possible to make scoop 
measurements in connection with all seeding flights. These readings should 
be compared, of course, whenever possible with rain gauge measurements on 
the ground and with river gauges a day or two later. 

On May 22 during the afternoon Silverthorne worked on the dissipation 
of the Pijol cloud and came back to the La Lima airport at about 3:30 for more 
gas, as he had found that he had bad icing of the carburetor with the snow 
and ice collected while flying through portions of this cloud. The cloud, however, 
gradually dissipated and did not build up again. At La Lima at about 8:30 
p.m. a breeze started from the south with light rain and several people told 
me that they believed that this was the start of the rainy season, and there 
were at this time in the south and east a continuous series of lightning flashes 
at the rate of about 40 per minute. At about 9 o’clock, however, the further 
lightning ceased and the next morning it was cloudless and clear and it was 
apparent that the total rainfall at La Lima had been extremely light, not 
even enough to wet the dust. 

On the afternoon of the 23rd Joe took off at 12:30 to work again on the 
Pijol cloud. We started to take photographs at 2:00 p.m. but nothing of 
interest developed so we stopped. However, at about 3:30 the Pijol cloud was 
building fast and soon reached an altitude 28° above the horizon as seen from 
the La Lima airport. Shortly a‘ter this time ice crystals were seen developing 
near the top of the cloud. ; 

A few minutes later the cameras were set up again and by the time we 
got them working a nice anvil top had developed and a thin sheet of cirrus 
cloud was spreading out from the top of the Pijol cloud. A second cumulus 
cloud built up to much greater size than the first and it- also formed a ‘‘ring 
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crown” apparently at very high altitudes. I will speak a little later of what I 
call a ‘‘ring crown’. This second crown spread out to form a much larger 
area of cirrus. A third cumulus cloud started to form but never got more than 
about half as high as the first two cumulus clouds that had developed. 
A lower stratus cloud then spread out in front of the large cumulus cloud 
at about 14,000 feet and partly hid the cumulus, but it could be seen that 
the cumulus activity definitely subsided. We soon stopped photographing, 
since there was nothing to see except the cirrus cloud above and the stratus 
clouds below. This effect was very much like that which was observed the 
day before on May 22. It seems very clear that on both days Joe’s seeding 
experiments had stopped the development of large storms. 

At 8 o’clock in the evening the sky was cloudless overhead, and it was 
noted that the Pijol cloud, after having been dissipated, did not rebuild, although 
in other directions large cumulus clouds were building to great heights. It 
was reported later that evening that very heavy rainfall had occurred after 
sunset at Tela. Mr. Van Diepen expected the rain to arrive in La Lima. 
There was some lightning to the north of us about 9 o’clock, but no rain 
arrived and the sky remained cloudless. 

On Tuesday, May 24, the sky was cloudless and clear blue with no snioke. 
The Pijol cloud developed only very slowly during the afternoon and even 
at 4:15 there was only a single rather small cumulus cloud tower that reached 
to only 16° above the horizon. 

A Ring. Crown. I mentioned previously that the spontaneous transition 
from supercooled water to ice crystals that occurs at temperatures of —39°C 
produced some visible effects in clouds. We had always looked in vain for 
this phenomenon but during my stay in Honduras and Guatemala I observed 
several cases where the phenomenon was readily visible. When the cloud 
rises to a very great height, which I estimate at about 30,000 feet to 32,000 
feet high, a ring forms around the cloud in the form of a shelf. The cloud 
above that seems to form a kind of vortex ring as though it increased its 
velocity and entrained air from below that level. That is the first sign that 
is seen. A faint ring forms around the cloud and then a kind of shelf forms 
at that level and the upper part of the cloud above that spreads out as a thick 
cirrus cloud which gradually gets thinner and thinner until it covers a relatively 
large area. This is the kind of crown that forms a ring around the top of the 
cumulus clouds. I suspected that this occurred close to the level at which the 
cloud was at —39°C. 

On the last day that I was in Honduras, on May 24, Silverthorne arranged 
to make a measurement of the height of the cirrus cloud that spread out from 
the top of the self-seeded cloud of this kind. He made these measurements 
in this way. He flew the plane at constant altitudes of 6000 feet and approached 
toward an easily recognizable point in the overlying cirrus cloud which was 
originating from a cumulus cloud in the neighborhood. Flying directly towards 
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this, he took readings on the chosen point at successive definite time inter- 
vals by means of a bubble sextant. He found, for example, on May 24 that 
at 1:16 p.m. the altitude of the point on the cirrus cloud was 12°38’ and just 
minutes later at 1:20 the altitude at the same portion of the cloud was 26°38’. 
From this, I can calculate that the height of the cloud was 31,000 feet above 
sea level which was close to the level at which the temperature is —39°. I hope 
very much that we can get more data of this sort and can measure the height 
of many cirrus clouds that grow from cumulus clouds to reach great heights. 

I think also that ring crowns sometimes form at lower altitudes due to 
seeding of the clouds by sublimation nuclei that occur naturally in the atmos- 
phere and set up a chain reaction at a certain height before the temperature 
has gotten as low as —39°. I believe also that it may be possible to produce 
cirrus clouds at considerably lower levels by seeding with a trickler. It might 
be well after making an experiment of this sort in which the trickler is used 
to have the plane move out at a lower altitude and measure the height of the 
cirrus clouds that have been produced. Under these conditions I would expect 
that the level of these clouds will be very much below that at which the temper- 
ature is 39°C, 

On several occasions when the Pijol cloud was dissipated by the seeding 
operations during the afternoon, it was noted that the clouds did not tend 
to rebuild, although, in general, it would have been expected that an unseeded. 
cloud like that would continue to grow until well on towards 8 o’clock in the 
evening, and at this time of the year it might lead to the development 
of a thunderstorm which would continue after dark. However, it was seen 
that there seemed to be no tendency for the clouds that had been dissipated 
in this way to rebuild themselves in spite of the fact that in the neighborhood. 
in various directions to the north, east, and west other clouds were continuing 
to build even as late as 7 or 8 p.m. and on several occasions gave lightning 
storms. However, we never observed a case where a Pijol cloud rebuilt itself 
after having once been thoroughly dissipated. 

I presume that the reason is that the rain that falls cools the atmosphere 
and the surface of the ground below the cloud, and the sun at that time is too 
low in the sky to generate the heat necessary to give a rapidly growing cumulus. 
cloud. In the other regions, however, where no rain has fallen the land is hot 
from the afternoon sun and, therefore, cumulus cloud development can proceed. 
Another factor that would tend to prevent a rebuilding of the cloud is that 
the cirrus and stratus clouds produced in the dissipation shade the ground 
and discourage cumulus activity. 


General Conclusions 


This year in Honduras the dry season continued during April and May 
and there were no general rains. However, large clouds rising to 18,000 feet 
and often much more formed nearly every day along the Great Divide and 
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usually formed also near Pijol Peak and sometimes near Santa Barbara Moun- 
tain. These clouds reached far above the freezing level which was usually at 
about 16,000 feet. 

By seeding with single pellets of dry ice at about 18,000 to 20,000 feet, 
these clouds could be profoundly modified. The largest clouds usually increased 
greatly in height and gave heavy rain and the cloud base lowered several thous- 
and feet. The smaller clouds gave moderate amounts of rain of a short duration, 
and part of the cloud above the freezing level often lifted off and separated 
from the lower part. By water seeding, using several balloons and making 
passes into the side of the cloud, these clouds could be made to give rain without 
increasing in height. In this way, the clouds could be prevented from developing 
into a thunderstorm. 

By the trickler technique it has been possible to detach the upper portions 
of large cumulus clouds from the lower part and prevent the growth of the 
cloud and the development of heavy rain. 

I think the fundamental difference between the rainy season and the dry 
season is that the thickness of the layer of moist air that comes in from the 
sea during the rainy season is much greater than that which comes in during 
the dry season. In January and February, not only is the layer of moist air 
very thin, but it is topped by a very strong inversion which prevents the growth 
of cumulus clouds to the height necessary for proper seeding operations or 
the development of rain even close to the mountains. 

I suspect that during the rainy season these techniques which we have al- 
ready developed may be found applicable to produce rain at times when rain 
will otherwise not form. That is, it may be possible to start rain in the early 
morning or in the early part of the afternoon before the development of heavy 
showers that normally occur in the afternoons. Just what relative parts would 
be played by each of the different operations or techniques that we have studied 
is a question that must be investigated experimentally. It will be interesting 
to see if there are any techniques that are suitable for the prevention of rain 
or decreasing rain that falls in a given area during a rainy season, possibly 
causing this rain to fall in another portion of the country where less rain nor- 
mally occurs. ' 

From the observations that I have made in Costa Rica, Honduras, and 
Guatemala the natural production of rain is often a relatively inefficient process. 
During parts of the year along the coast there are showers that are produced 
like those that we observed in Puerto Rico which form from clouds that are 
warm clouds; that is, the whole of which lies below the freezing level. 

Further inland such clouds rise to relatively great heights and in a majority 
of cases in the dry season they give no rain at all. Over the Great Divide in 
Honduras, for example, and in Costa Rica and Guatemala, it is a common 
occurrence for clouds to rise to 30,000 feet without giving any rain. Other 
clouds rise to a height at which they form a ring crown and then form very 
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symmetrical pancake-shaped anvil tops which gradually become thinner as 
circular disks. They spread out and shed no snow and usually do not infect 
the underlying cloud, so that even a succession of clouds penetrates up through 
this pancake anvil without giving rain. 

At other times, however, after 4 or 5 successive cumulus clouds build up 
into the overlying ice crystal pancake, downdrafts will begin to infect the 
lower clouds and then heavy rain may result. The efficiency of such a proc- 
ess is relatively low. That is, a large fraction of the potential thunderstorms 
never materialize, but instead they pump cirrus which may cover large areas 
and by shading of the ground discourage the further growth of cumulus clouds 
in the neighborhood and restrict the rainfall that might otherwise occur. In 
New Mexico we see exactly the same thing happening, although not as strik- 
ingly as it does in Honduras and Guatemala. 

I have predicted that if dry ice pellets are shot into the lower part of such 
a growing cumulus cloud which is producing or is ready to produce a pancake- 
type of anvil that ice crystals will be formed in the lower part of the cloud. 
The cloud will then form an anvil top long before it gets to the —39° level 
and much more efficient rainfall will be produced. 

Silverthorne has since reported that he has been able to do this regularly 
with clouds that pump cirrus. In other words, he can prevent them from 
developing into the clouds that pump cirrus or after they have started to pump 
cirrus, he can make them stop and make them give heavy rainfall. It is all 
a question of where the dry ice is distributed. If, in the early stages of a cloud, 
before it has begun to form an anvil top, the top alone is seeded with the trickler, 
then the top detaches itself from the rest of the cloud and prevents the sub- 
sequent development of the lower part of the cloud into a thunderstorm. 
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Final Report, Project Cirrus. Part IT 
(Research Laboratory Report No. RL 785) 


CHAPTER 1 
BASIC DISCOVERIES UNDERLYINC WEATHER MODIFICATION 


THE EARLY history of the work that led to the development of Project Cirrus 
‘was presented before the National Academy of Sciences on November 17, 
1947. This paper was later published in full.* 

A more general history of Project Cirrus was compiled by Barrington S. 
Havens in Research Laboratory Report No. RL-756, July 1952. This report 
contains as an appendix a bibliography giving references to 91 papers and reports, 

There is no intention in the present chapter of reviewing this history. We 
shall only call attention to previously unpublished notes and memoranda 
that have particular bearing on the fundamental discoveries on which Project 
Cirrus is based, and especially on those that are needed for an understanding 
of widespread weather modification induced by seeding. 

Observations on Mt. Washington during the winters of 1945 and 1946 
with Dr. Schaefer had shown that supercooled clouds frequently pass over 
the summit of the mountain at temperatures of —20° or —30°C, with no 
observable trace of snow. On a nearly windless, cold day in Tuckerman’s 
Ravine, with a small supercooled cloud overhead at a temperature of —25°C, 
one could see occasional small snowflakes falling at about 50 cm per second 
from the cloud against a background of distant evergreen trees. The distances 
between these flakes averaged about 10 to 15 meters. Because of our theoret- 
ical and experimental knowledge of the phenomena that determine the growth 
of ice crystals in the presence of supercooled water droplets, we were sure 
that all ice-crystal nuclei that started growing in such a cloud would very 
rapidly reach a size that would give them the observed falling velocity. 

It was thus clear that the concentration of effective sublimation or freezing 
nuclei was of the order of 10-?° per cm, whereas there were at least 10 super- 
cooled droplets per cm*. Under other conditions, supercooled clouds give 


* “The Growth of Particles in Smokes and Clouds and the Production of Snow from 
Supercooled Clouds,” by Irving Langmuir, Proc. Am. Phil. Soc. 92, 167 (July 1948). 
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large numbers of snow crystals and develop into snowstorms. These observa- 
tions impressed us with the important role played by sublimation nuclei 
and led us to the hope that nuclei might be introduced into clouds to start 
precipitation. 


The Three Fundamental Discoveries of Dr. Schaefer 


In July 1946, Schaefer discovered the following: 

1. Ice-crystal nuclei formed spontaneously when the temperature of any 
part of a supercooled cloud was brought below a critical temperature of —39°C. 

2. These ice nuclei were formed even when the cooling to the critical temper- 
ature lasted only for small fractions of a millisecond. 

3. The concentrations of nuclei formed by cooling the cloud below the 
critical temperature were extraordinarily high, certainly at least 10° per cm’. 

Cwilong and others who experimented with adiabatic expansion in cloud 
chambers observed a sharp increase in spontaneous ice-crystal formation 
when temperatures in the neighborhood of —37° to —40°C were reached, 
but the techniques used were not suitable for demonstrating the extraordinary 
speeds and high concentrations that were beautifully revealed by Schaefer’s 
simple techniques. 


Calculation of the Number and Growth of Ice Nuclei Produced in Supercooled 
Clouds by Falling Pellets of Dry Ice 


Just after Schaefer made these three discoveries in July 1946, the writer 
began an extensive theoretical study of the mechanisms involved in the forma- 
tion and growth of the minute ice crystals that are formed when a spherical 
pellet of dry ice (at —78°C) falls through a supercooled cloud at —20°C. 

Previously, during the war, we had made experimental and theoretical 
studies of the collection of rime formed on rotating cylinders by the deposition 
of supercooled water droplets in wind-driven clouds. Experiments with spheres 
had also been made. Other work on Mt. Washington had consisted of measure- 
ments and calculations of the rate of growth of water droplets and ice crystals 
in the orographic clouds passing over the summit. 

These theories were now applied to calculate the rate of fall and the rate 
of evaporation of spherical dry ice pellets falling through air at —20°C. As 
the ‘pellets fall, a small amount of air sweeping past the falling pellet gets so 
close to the surface of the dry ice that it reaches below the critical temperature. 

For pellets of several sizes, ranging from 1.0 cm in diameter down to 0.01 cm, 
calculations were made to determine the amount of air in cm® per second 
that gets ‘cooled below —39°C. 

The time during which the air remains within this subcritical region is 
very short, of the order of 100 microseconds. 
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The size to which the ice particles can grow during this short time can 
be calculated with reasonable accuracy. 

According to the evaporation-condensation theory, which had been used 
successfully for the early stages of growth of cloud droplets in clouds over 
Mt. Washington, the particles when first formed are very numerous but very 
small. The smallest particles have a higher vapor pressure and, therefore, 
evaporate giving vapor that condenses on the larger droplets. The droplets 
thus decrease in number but increase in size. Equations were developed which 
correctly gave the rate of growth. 

With high concentrations of droplets, Brownian movement causes them 
to come into contact. The Smoluchowski equation permits this coagulation 
to be calculated. If we start at ¢ = 0 with an infinite concentration of droplets, 
then after the time ¢ the concentration will become 

n = 3n/4kTt, (1-1) 
where is the concentration per cm®; 7 is the viscosity of air, 1.8x10-*; k the 
Boltzmann constant, 1.37x10—* erg/degree; T the absolute temperature. 
For air at 20°C this becomes 

n = 3.4x10°/t, (1-2) 
where ¢ is in seconds. 

The rate of coagulation is thus independent of the diameters or the den- 
sities of the particles. This equation, however, applies accurately only for 
particles having diameters greater than the mean free path of the molecules 
of air, about 10-§ cm. 

For droplets small compared to 10-5 cm in air at —40°C, I have derived 
from the kinetic theory of gases 

n = 3.8 x 10! (20/0)/4/£9/4, (1-3) 
where w is the total weight of all droplets in grams per cm’ of the air; 0 is the 
density of the droplets (1 g per cm* for water); and ¢ is the time in seconds. 

Let us apply this equation to calculate the rate of growth of ice nuclei in 
air which is saturated with water at —20°C. The water vapor content is then 
t = 1.08 x10-* grams/cm® (1.26 mb). When this air is cooled to —40°C 
near the surface of the pellet and ice crystals form, the vapor pressure falls 
to 0.19 mb, and the density of the vapor is then 0.18 x 10-* g/cm*. The amount 
of ice formed per cm? is the difference, so w in Eq. (1-3) is 0.90 10-* g/cm’. 
If the time ¢ during which the air stays below —40° is 100 microseconds, 
the concentration of ice nuclei will be n = 1.2x10" per cm’. 

The evaporation-condensation theory under similar conditions would give 
concentrations of the order of 10% per cm*. Thus, coagulation near the surface 
of a dry ice pellet is far more important than evaporation-condensation in causing 
the growth of the ice crystals. 

According to the Smoluchowski equation, Eq. (1-2), using the same data, 
we get n = 3.4X 104, which is roughly 30 times greater than by Eq. (1-3). 
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Calculations of this kind were made for pellets of various sizes during the 
early part of August 1946, and a 10-page memorandum was prepared on 16 
August which a little later was submitted to the Project Cirrus Steering 
Committee. This report was not published in full, but several tables of data 
from it were finally included in the Proceedings of the American Philosophical 
Society (92, 167, July 1948). 

These calculations in August 1946 showed, for example, that a pellet of 
dry ice 4 mm in diameter would fall initially at a ‘‘terminal’’ velocity of 14.2 
meters/sec and would evaporate after 127 seconds after having fallen 1130 
meters. A pellet 1 mm in diameter would fall with a velocity of 5.6 meters/sec 
and would fall a total distance of 82 meters in 26 seconds before disap- 
pearing. 

A pellet 1 mm in diameter falling at 5.6 meters per second would cool 
2.2 cm! of air per second to a temperature of —40°C. For a pellet of this size, 
the time during which this air remains below —40°C is 88 microseconds. 
By Eq. (1-3), the concentration would then be # = 1.29x10"/cm*. Thus, 
the rate of production of nuclei would be 2.810" nuclei/sec, or 5x10! 
nuclei per cm of fall. A pellet 1 mm in diameter in falling 30 cm to the bottom 
of the cold box would produce 1.5 x10 ice-crystal nuclei. This calculated 
result is in approximate agreement with observations. In a cold box of 100 liters 
capacity, this would mean that the ice crystals would be at an average distance 
apart of 0.2 mm. To get this many crystals to develop to a size to make them 
easily distinguishable requires that additional moisture be supplied. 

A similar calculation for a pellet only 0.1 mm in diameter would give an 
initial velocity of fall of 41 cm per second; a time of contact of 12 microseconds; 
and an initial rate of flow of air into the cold region of 0.1 cm’/sec. The con- 
centration of nuclei would be 6X10 per cm’, and the rate of production 
6x10" nuclei per second. The particle disappears after one second—by the 
time it reaches the bottom of the box. Thus, the number of nuclei formed 
from the 0.1-mm pellet would be roughly 2x 104. This result is also in ap- 
proximate agreement with observations. 

Calculations made in August 1946 showed that, at —39°C, the critical 
diameter of an ice nucleus just large enough to be able to grow in air saturated 
with water at that temperature is 5.6x10-? cm. A droplet of this size would 
contain about 3000 water molecules. 


Nuclei Produced by Adiabatic Expansion 


Vonnegut in a short note included in Project Cirrus Final Report dated 
31 December 1948, page 85, showed that a small rubber balloon 1.5 mm in 
diameter when burst in a supercooled cloud at —20°C produces at least 1.6 x 10° 
crystals per cm?. If the air was saturated with respect to ice at —20°C, it con- 
tained 0.88 x 10-* g/cm’; and if it was suddenly expanded until its temperature 
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became —40°, it would contain only 0.12 x 10-¢ g/cm of vapor and 0.76 x 10-¢ 
g/cm® of ice would form. Dividing this by 1.6x 10° gives 4.7x 107!” as an 
upper limit for the weight of each nucleus. Thus, the upper limit to the radius 
is 4.5x10-* cm. Schaefer in Part I of this report finds that air saturated with 
ice at —30°C can give at least 104 nuclei/cm* when cooled to -—40° by adia- 
batic expansion. This gives for the weight of the particles 2.2 x 10-1* g, or a dia- 
meter of 1.6x10-* cm. This agrees well with the 1.2x10-* cm estimated 
from the calculation for the dry ice pellets. 

When a small balloon or glass bulb with gas at 2 atmospheres explodes, 
the time necessary for the expansion is the time for sound to travel a distance 
equal to the diameter of the bulb. Thus, the duration of the cooling is of the 
order of 5 microseconds. For w = 0.22x10*, t=5x10 sec. Equation 
(1-3) gives 7.610% nuclei/cm’. 

The concentration 2 = 1.2x10% cm“ derived from the analysis of the 
growth of ice particles in the cold region near falling dry ice pellets must be 
regarded as an upper limit. The calculation assumed that a much larger number 
(infinite) of particles was formed initially, but the number decreased to 1.2 x 
104 during the time of contact. If the number of initial particles was limited 
to some smaller value, it would give a lower final concentration. , 

The experiments with the pop-gun give, on the other hand, a lower limit, 
n= 10" particles/cm*. Turbulent heating of parts of the expanding gas may 
well reduce the number of observed particles given by the experiments. 

The final conclusion to be drawn from these two studies is that when air 
saturated with respect to ice at —20° to —30°C is suddenly cooled below 
—40°C, a concentration between 10" and 10" ice particles per cm® is formed 
within about 10-5 second. 

Schaefer’s experiments with the continuous cloud chamber in which small 
supercooled water droplets fall through the —40° isotherm and form clusters 
of minute ice particles in the vapor phase near the falling drop is very direct 
proof of a sharp discontinuity in the rate of spontaneous formation of ice 
nuclei from the vapor phase. 

During December 1946 and January 1947, the writer studied the theories 
of nucleation in two books, one by M. Volmer, Kinetic der Phasenbildung 
(1939), and the other by J. Frenkel, The Kinetic Theory of Liquids (1946), 
and applied these theories to the problems of the spontaneous formation of 
freezing nuclei in water and sublimation nuclei in the vapor phase. 

The spontaneous formation of water droplets in cloud chambers by the 
adiabatic expansion of saturated air occurs when the expansion ratio exceeds 
a rather critical limit of 1.26. At any given final temperature for the expanded 
gas, the number of nuclei varies approximately with the 40th power of the 
water vapor pressure, which corresponds to the number of molecules in the 
droplet of critical size. But there was no critical temperature of nucleus for- 
mation; as the initial temperature in separate experiments was made to de- 
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crease from 30°C down to 10°C, the final expansion temperature decreased 
by about the same amount, being in each case about 27°C lower than the 
initial temperature. 

This is an entirely different behavior from that shown in Schaefer’s pop-gun 
experiments, where the number of nuclei that formed at the critical tempera- 
ture of —39°C did not vary when the initial temperature and humidity of the 
expanding gas were varied over wide limits. 

Volmer and Frenkel calculate the rate at which subcritical drops reach 
critical size and can thus grow to large drops, but they do not calculate the 
concentrations of subcritical droplets. By application of the equations origi- 
nally given by Gibbs, these concentrations were calculated in January 1947, 
and it was found that the numbers of subcritical droplets were nearly inde- 
pendent of temperature (varying with 7T*) and of the degree of supersaturation. 

There would be a loss of a degree of freedom in the relation between tem- 
perature, vapor pressure, and rate of formation of sublimation nuclei, if sub- 
critical liquid droplets of definite sizes crystallize into crystals containing 
a number of molecules equal to some integral multiple of the number of mole- 
cules in a unit crystallographic cell. 

In a Research Laboratory Colloquium on 11 February 1947, the writer 
discussed the properties of nuclei of subcritical size and the possibilities of 
the freezing of nuclei of certain sizes at a definite temperature that might 
account for the critical temperature observed in the cold-box experiments. 

In the discussion that followed, J. H. Hollomon suggested that subcritical 
nuclei develop at —39°C by the formation of Ice II at 2250 atmospheres—that 
is, in droplets in which the internal pressures are 2250 atmospheres. According 
to the phase diagram for the various kinds of ice at high pressures, —36°C 
is the highest temperature at which Ice II can form at 2250 atmospheres, and 
this is also the lowest pressure at which it can form. He referred me to a paper 
by MacFarland (7. Chem. Phys. January 1936) and also a paper by J. D. Bernal 
and R. H. Fowler (‘tA Theory of Water and Ionic Solution, with Particular 
Reference to Hydrogen and Hydroxyl Ions,” 7. Chem. Phys. 1, 515-48, 1933). 

A considerable amount of speculation and some analysis was carried on 
in connection with the development of this idea, but it was never put in form 
suitable for publication. The publications referred to showed that Ice II existed 
in a tetragonal crystalline form containing eight molecules per unit cell, whereas 
Ice I is hexagonal and has only two molecules per unit cell. Bernal and Fowler 
emphasize the fact that the transition from Ice I to Ice II has certain remark- 
able properties, in that they never found that any supersaturation phenomena 
occurred. They accounted for this by the nature of the transition between 
these two forms of ice. Ice II has a high density, much higher than that of 
water, and can be formed from Ice I by a mere collapse of the structure in 
which all atoms move only in one direction. This kind of transition, therefore, 
can take place with great ease in either direction. 
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This suggested, therefore, that if the original nuclei were of such a size 
that the pressures were greater than 2300 atmospheres, then Ice II might 
form; but the particles could not grow without lowering the pressure below 
the critical pressure at which Ice II can exist, and, therefore, the particles 
would immediately go over into ordinary ice. 

With such pressures, a subcritical water droplet containing eight molecules 
might be forced very easily into a form like that of an ordinary unit cell of 
Ice II. This theory would indicate that it might be much easier for an ice crystal 
to form in a minute subcritical water droplet than it would be for an ice crystal 
to form in the bulk of a water droplet cooled to —40°C, because such an ice 
crystal in the liquid phase would not be under pressure, which would tend 
to force the molecules into the compact form of Ice II. 

This theory played a considerable role in making us confident that the 
Critical temperature observed by Schaefer was very fundamental in character. 

Although this theory was not described in any of our Project Cirrus pub- 
lications, it was disclosed to a writer from Fortune magazine early in 1948, 
and an unsigned article appeared in the February 1948 issue (Volume 36, 
page 107) of Fortune magazine. 

This article gives an excellent summary of the work that was being done 
in Project Cirrus at that time. The following is quoted from the Fortune article: 


‘No one knows how cold supercooled water can be, but there is at least 
one report of water still liquid at —50°C. Again, foreign-particle nucleation 
seems to play a decisive but so far unelucidated role. Langmuir and Schaefer 
see no reason why extremely pure water could not be supercooled almost 
indefinitely. What mystified them for months was how dry ice created 
ice crystals in a water cloud and, more specifically, why crystals always 
appeared without fail at —39°C. 

‘‘Langmuir knew that as water droplets became smaller their internal © 
pressures increased steadily as a result of the decrease in surface area and 
consequent rise in surface tension. The pressures within very small drops 
reached thousands of pounds per square inch. He suspected that this some- 
how tied in with spontaneous crystallization, but the final connecting link 
escaped him. He discussed the problem with his colleagues in the labora- 
tory, and one of them, John H. Hollomon, recalled that Percy W. Bridgman 
of Harvard had produced several distinct forms of ice by subjecting water 
to tremendous pressure. One of these forms, which Bridgman called Ice II, 
appeared at 2000 atmospheres and about —36°C. 

‘‘Langmuir and Hollomon calculated that this pressure would exist inside 
a water droplet containing about eight molecules of water. This coincided 
neatly with the fact that Ice II forms a tetragonal (i.e., four-sided) crystal 
whose basic cell also requires eight water molecules. They concluded, 
therefore, that dry ice forms Ice II at —39°C but that Ice II has only a 
fleeting existence in a supercooled cloud, for as soon as the eight-molecule 
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drop crystallizes and the crystal grows, the great pressure disappears. The 
four-sided crystal must then rearrange itself into the familiar hexagonal 
units of ordinary ice.” 


The following brief reference to this theory of the critical temperature 
of spontaneous formation of sublimation in supersaturated air was presented 
on 23 October 1951 at a symposium on cloud seeding at the New York Academy 
of Sciences (Trans. N.Y. Acad. Sci. 14, 40, 1951): 


“Calculations made in 1946 suggested that the critical temperature of 
spontaneous nucleation in air, supersaturated with respect to ice, is the 
result of surface tension that causes the initial nuclei to have internal pres- 
sures above 2000 atmospheres, so that the first ice that forms is a single 
unit cell (8 molecules) of the high-pressure form of ice (Ice II). When 
this particle grows to a size of two unit cells, the internal pressure falls 
sufficiently so that it changes into ordinary ice (Ice I). Because the original 
nuclei must always be of a definite size, there is a loss of a degree of free- 
dom in the normal relation that governs the formation of liquid particles 
from a vapor phase, according to which the temperature of spontaneous 
formation should depend enormously on the vapor pressure.” 


The pressure p within a spherical drop of surface tension y is given by 
p = 2y|r, (1-4) 


where r is the radius of the droplet. In applying this equation to calculate 
the pressure in a subcritical droplet containing only eight water molecules, 
we face the difficulty that we do not know what the surface tension would 
be for a drop as small as this. For many years, the writer has found that the 
latent heat of evaporation of organic molecules can be determined quite ac- 
- curately by using the total surface energy. For a small molecule, this is in 
reasonable agreement with the heat of evaporation per molecule; in other 
words, the heat of evaporation represents the energy necessary to form new 
surfaces when the molecules are separated. Such considerations, therefore, 
have a reasonable degree of validity down to particles of extremely small size. 

A spherical particle containing eight molecules would have a diameter 
of about 7x10-* cm. If we should take the ordinary surface tension, which 
at —40° would be about 80 ergs/cm’, we would have an internal pressure 
of 4500 atmospheres. Such a particle is, however, much smaller than one 
of critical size. Therefore, it is rather doubtful, even if such a solid particle 
of Ice II were formed, that it could grow in air saturated with respect to water 
vapor at —40°C. It is more likely that the freezing nucleus originates from 
a particle having twice this size and containing eight unit cells. The internal 
pressure of a droplet of this size would be 2250 atmospheres, and the diam- 
eter would be 15x 10-® cm, whereas a water droplet of critical size has a diam- 
eter of 56X10-® cm. 
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There is, however, much uncertainty as to the magnitude of the vapor 
pressure of a small crystal consisting of eight unit cells of Ice II at a temperature 
of —40°C. The vapor pressure, ought to be much less than that of a droplet 
of water of the same size. The lowering of surface tension due to the change 
in phase in passing from vapor to Ice II might casily more than make up for 
the effect of surface tension in raising the vapor pressure. 

It had been planned for the writing of this chapter to attempt to make 
a thermodynamic analysis of the probable vapor pressure of a small particle 
of Ice II by a study of the phase diagram. For the present, the matter must 
remain largely hypothetical. Qualitatively, at least, there is much evidence 
that this type of theory would account for most of the observed facts in con- 
nection with the critical temperature of —39°C. Ice II could form only with 
a discrete number of unit cells. Therefore, there should be a minimum vapor 
pressure when the number of molecules in the droplet is just enough to form 
a single crystal of Ice II. 

The strong compressive forces of over 2000 atmospheres are necessary 
to make possible this crystallization directly from the liquid in the subcritical 
water droplets. The temperature of —36°C observed for the formation of Ice II 
in bulk is in accord with the critical temperature of —39°C, for this small 
difference of three degrees could easily be the result of differences in the forces 
between material in bulk and particles as small as 15x 10-® cm in diameter. 

If the vapor pressure is sufficiently low to make this particle not only capable 
of forming a particle of Ice II but to give it a lower vapor pressure than water 
in bulk at that temperature, then the particles should grow in the presence 
of supersaturated water. However, it would take a definite amount of super- 
saturation before this could occur. 

As soon as the particles do grow to a certain size, the pressure falls below 
the 2200 atmospheres; and the particle then goes over, without need of nucle- 
ation, into Ice I and continues, therefore, to grow as an ice crystal. 

Although there are many problems to be worked out in connection with 
this hypothesis, it seems that it is the only one that can account for the ex- 
tremely high concentration and rapid growth of the ice nuclei that form from 
supercooled clouds at —40°C. 


Sublimation Nuclei Versus Freezing Nuclei 


B. J. Mason of the Imperial College of London states his opinion in an 
article* that the spontaneous appearance of ice crystals at —39°C as found 
by Schaefer depends upon the freezing of water droplets of sizes above the 
critical. He thinks that Schaefer is wrong in believing that these ice crystals 
can form spontaneously from the vapor. He says, on page 25, ‘“Theory indicates 


* “The Spontaneous Crystallization of Supercooled Water,” by B.J. Mason, Quart. . 
Royal Meteorol. Soc. 78, 22 (1952). 


Google 


190 Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


that ice crystals would arise from the vapor at a lower temperature than from 
the supercooled droplets.” Later, he says, ‘‘If ice crystals are to appear in 
a suddenly chilled cloud, the minimum temperature obtained must persist 
for a greater period than the corresponding nucleation time of a droplet.’ 
He then performs experiments in which he takes a rod of large diameter cooled 
to —40°C and moves it at a low speed of about 1 cm per second through a cold 
box containing a supercooled cloud. He calculates that the sheath of cold air 
is about 0.7 mm thick and that the time of contact is about one second. He 
finds that appreciable numbers of ice crystals are formed and that the rate 
increases about tenfold for each degree of fall in temperature. 

It is very evident that Mason is studying something entirely different. 
The theory proposed by Mason could account for only a very small number 
of ice particles per cubic centimeter and would be entirely incapable of ac- 
counting for the concentration of the order of 10" particles per cubic centi- 
meter formed within 10-® second. Also, the rate of increase in the number 
of nuclei in the neighborhood of 40°C is only a factor of 10 for each degree 
and is very similar to that described by Volmer in connection with the for- 
mation of liquid droplets in water, but it is entirely out of line with the ex- 
periments of Schaefer and Vonnegut. 


Plans for Seeding Clouds and for Measurements of the Rate of Growth 
of Ice Crystals in Supercooled Clouds 


Schaefer’s studies of the seeding of supercooled clouds and the calculations 
of enormous concentrations of ice nuclei formed at the critical temperature 
convinced us early in August that the seeding of clouds by dry ice held great 
promise of giving profound changes in the precipitation processes. 

The following notebook entry was made on 15 August 1946: 


‘‘A very few dry ice pellets dropped at the top of a cold cumulus cloud, 
say at —10°C or lower, should cause enormous numbers of snowflakes 
to form. Turbulence within the cloud will be helpful in causing lateral 
spreading.” 

On the same date, calculations were made of the temperature rise in a super- 
cooled cloud produced by seeding. 

“Some heat is generated by the latent heat of freezing. The falling out 
of the snow lowers the density by 0.76 g/m® (in a cloud 2000 meters thick 
at —17°C which contained an average of 0.62 g/m*), which is as much 
as that caused by a temperature rise of 0.18°C. The heat generated by the 
formation of snow consists of two parts: first, the latent heat of fusion 
of the 0.62 g/m® of water; and second, the latent heat of sublimation of 
the extra moisture that condenses because of the lowering of the saturation 
vapor pressure from that of water to that of ice, giving a total rise in tem- 
perature of 0.67°C. Adding the effect of the density change due to the 
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falling out of the snow, the total density change is equivalent to that pro- 
duced by a temperature rise of 0.85°C. This corresponds to the heat gen- 
erated in saturated air by a lifting of 420 meters. 

‘*It would seem that in many clouds such a heat generation would produce 
an updraft that would keep the snowstorm going after it had once been 
started.” 


On 9 October 1946, calculations were made to determine the effect of 
dropping dry ice pellets from an airplane flying over the top of the cloud. 

Each dry ice pellet in falling generates ice nuclei and the moisture in the 
surrounding air diffuses into and condenses on the ice-crystal track. 

The first effect of the dry ice, besides producing ice nuclei, is to cool the 
air and increase its density and thus produce a slight downdraft. When the 
track reaches a radius of about 0.4 cm, enough heat is generated by the ice 
crystals to compensate for the initial cooling. 

The region containing the ice crystals grows continually in size but main- 
tains a constant temperature excess of 0.67°C above the surrounding unmod- 
ified supercooled cloud. 

This process can continue until the ice-crystal concentration falls so low 
that the rate of growth of the ice crystals cannot consume the water vapor 
from the droplets as fast as this is being supplied by the mixing. This limit 
to the growth will occur at concentrations of the order of 1 crystal per liter. 

The temperature discontinuity at the boundary between the ice crystal 
and the supercooled regions causes an updraft that carries the ice crystals to 
the top of a stratus cloud and spreads them out over the supercooled region. 
This type of turbulence, discussed on page 134 of the 1948 Final Report, 
Project Cirrus, gives a propagation of the effects of seeding in stratus clouds, 
so that it is not necessary to make the lines of seeding very close together in 
order to modify the whole of a large stratus cloud. 

It was anticipated that in cumulus clouds the effects would propagate still 
more rapidly. | 


First Cloud-seeding Flight, on 13 November 1946 


The results of the first seeding of a stratus cloud were very convincing. 
A good account of this epoch-making experiment with quotations from 
Schaefer’s notebook is contained in B.S. Havens’ History of Project Cirrus, 
on page 9. See also page 15 of the 1948 Final Report, Project Cirrus. 


Cloud Seeding with Silver Iodide Smoke 


A little later, Dr. Vonnegut examined crystal forms of a whole series of 
substances and found that silver iodide has almost exactly the same crystalline 
form as ice, so that it might perhaps serve as a nucleus for the growth of ice 
crystals. (See Occasional Report No. 13, 1951 Final Report, Project Cirrus.) 
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Silver iodide smoke can be made in many different ways. One of the most 
striking experiments is to draw a spark from a small Tesla coil to a silver coin 
and to blow a little of the silver vapor into the cold box. Later, if a bottle con- 
taining iodine is opened in the laboratory and some of this air is blown down 
into the cold box, hundreds of millions of ice crystals are often formed. 

In the article in the Proceedings of the American Philosophical Society (July 
1948), it was pointed out that without danger of coagulation it should be possible 
to form 10!” smoke particles per second from a single generator, just as it was 
possible to form that same number of particles per second of screening smokes. 


“If the particles retain the activity they have in laboratory tests, a wide 
distribution of them in the atmosphere might perhaps have a profound 
effect upon the climate.” 


Various methods of making silver iodide smoke have been described by 
Dr. B. Vonnegut (Occasional Report No. 13 in 1951 Final Report). 

In Occasional Report No. 5, entitled ‘‘Nucleation of Supercooled Water 
Droplets by Silver Iodide Smokes,’”’ in the 1948 Final Report, Vonnegut 
describes measurements of the sizes and concentrations of silver iodide par- 
ticles formed from silver iodide smoke generators by using an atomizing nozzle 
fed with hydrogen and a silver iodide solution. Various adjustments were 
made using different rates of supply of the silver iodide, which changes the 
average size of the particles. 

With a setting of the generator, which used about 40 grams of silver iodide 
per hour, the number of particles formed per gram was of the order of 10%. 

This figure is so high that it becomes possible to seed effectively very 
large areas at low cost. 


Does Silver Iodide Smoke Give Freezing Nuclei? 


This question is much more difficult to answer than in the case of the 
nuclei formed by dry ice. The experimental studies of Dr. Vonnegut in 1948 
strongly suggest that silver iodide acts by forming sublimation nuclei. 

When silver iodide smoke is introduced at very low concentrations into 
a cold box, not all of the effective nuclei form ice crystals at once, but they 
are gradually produced over a long period of time if the temperature is fairly 
high, such as —10°C. 

On the other hand, if silver iodide is put into the air below a convective 
cloud and rises gradually into the base of the cloud, it is probable, especially 
if the temperature at the base of the cloud is above the freezing point, that 
the silver iodide particles act as condensation nuclei and that these water 
droplets then freeze at —4°C, according to Schaefer. 

One thing that should be kept in mind in considering the action of silver 
iodide is that it is possible to form many kinds of silver iodide particles that 
probably have many different structures and properties. 
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For example, with the spray type of nozzle, hydrogen was originally used 
for spraying the silver iodide solution and for producing the flame. Later, 
butane gas was substituted, and rough tests showed that the particles were 
effective, but a careful comparison between the particle sizes by the two methods 
has not been made. 

In our experiences with smoke generators during the war, it was found 
that the particle sizes were determined by the rate of quenching of the vapor 
that issued from the nozzle. By changing the size of the nozzle, the velocity 
of the gas, or the rate of cooling by an air blast across the jet of hydrocarbon 
vapor, the particle diameters could be changed over a very wide range. 

Similarly, it is probable that in dispensing silver iodide smokes there are . 
conditions under which particles of uniform size can be made or particles 
of heterogeneous sizes, and the average particle diameters can be controlled 
by the temperature of the flame, by the rate of supply or the concentration 
of the solution, and by the size of the flame and the velocity of the air quench- 
ing it. These are difficult problems that should be carefully studied. 

If the smoke is not diluted sufficiently rapidly—as, for example, if it is 
led up through a chimney before it escapes into the free atmosphere—coag- 
ulation occurs; and, according to the Smoluchowski equation, Eq. (1-2), 
the resulting aggregates of small particles are held together by strong cohesive 
forces. The relative effectiveness of particles of this kind deserves serious 
study. : 

For use in Vonnegut’s generator, the silver iodide solution contains sodium 
iodide, but the solution could be made with ammonium iodide, which would 
be decomposed in the flame. The smoke particles formed from the solution 
containing sodium iodide are probably hygroscopic, which may increase the 
tendency of the particles to act as condensation nuclei. 

Dr. Vonnegut made no comparative studies of the particles from these 
two solutions, but, after having tried ammonium iodide, he continued to use 
sodium iodide. 

It is also possible to evaporate pure silver iodide or to vaporize metallic 
silver and to bring the vapor into contact with iodine vapor in a variety of ways. 
On a small laboratory scale, this process produces very effective nuclei, although 
the structure must be very different from that of particles obtained by vaporiza- 
tion and condensation of silver iodide. 

When the silver iodide particles are introduced into the atmosphere and 
become diluted to concentrations of the order of a milligram per cubic mile 
of air (which weighs about a million tons), there is the possibility that they 
may react with and adsorb some of the large number of substances that must 
exist in the atmosphere in amounts far in excess of milligrams per cubic mile. 

It is, therefore, usually not safe to extrapolate from laboratory experiments 
as to changes in the properties of silver iodide smokes that may occur in the 
atmosphere. 
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For example, several investigators have found in the laboratory that ultra- 
violet light deactivates silver iodide after a short exposure. On the other hand, 
Dr. Vonnegut in his most recent work was unable to duplicate the deacti- 
vating effects that he obtained in earlier experiments. He found that ultra- 
violet light acting on many kinds of hydrocarbons produces vapors that de- 
activate silver iodide in the laboratory. 

The latest paper on this subject, entitled ‘“The Effect of Relative Humidity 
on the Nucleating Properties of Photolyzed Silver Iodide,” by S.J. Birstein 
(Bull. Am. Meteorol. Soc. 33, 431, 1952), states that complete deactivation 
by ultraviolet light occurs within 10 minutes if the air is dry, but in humid 
air there is no appreciable loss of activity in 90 minutes, although there is 
complete deactivation in 150 minutes. It is taken for granted that a similar 
effect occurs in the atmosphere through the action of sunlight. 

It would seem that there might be numerous other possible explanations 
of the deactivation observed in the laboratory that have nothing to do with 
the life of the particles in the atmosphere. 

The silver iodide smoke was made by vaporizing fused crystals of silver 
iodide from a heated coil of nichrome wire. There is no guarantee that these 
particles are like those produced by the Vonnegut generator. 

The particles at very high concentrations of 105 to 10* per cm? in a small 
glass cell holding 350 cm? were exposed to ultraviolet light for periods from 
a few minutes up to several hours. When dry silver iodide smoke in the same 
cell was not exposed to light, there was ‘‘no apparent decrease in its nucleating 
effectiveness over a period of two to three hours, showing that diffusion of the 
aerosol to the walls of the cell is negligible.” 

It would seem possible, however, that the loss of activity in these experi- 
ments when ultraviolet light was used was not a deactivation. The action 
of light may have caused the smoke to deposit on the walls of the cells by 
some ionization and electric charging of the smoke. This could be tested by 
placing opposing electrodes in the cell and measuring charging currents or 
conductivity of the smoke induced by the ultraviolet light. Or the electron 
microscope could be used to determine the concentration of smoke particles 
in the cell after exposure to light. Humidity may well influence the ionization 
of the smoke and the charging of the walls of the cells. 


Summary and Conclusions 


When the temperature of even a small part of a supercooled cloud is brought 
below a critical temperature of —39°C, enormous concentrations of nuclei 
of the order of 10 per cm? are formed within a few microseconds. The only 
hypothesis that seems able to account for these results is the formation of 
minute crystals of Ice II that form when subcritical supercooled drops having 
internal pressures of about 2300 atmospheres are cooled to the highest tem- 
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perature (—39°C) at which such particles can exist. At this temperature, 
it thus appears easier for ice crystals to form in the vapor phase near a surface 
of supercooled water than in the water itself. 

Another discovery of importance in cloud seeding is that silver iodide 
vaporized and rapidly quenched can give a smoke with about 10 effective 
ice nuclei per gram. 

This nucleation process is far more complicated than that involved in the 
use of dry ice, and the conditions of the experiments must be controlled very 
carefully to obtain reproducible results. 

Since an amount of silver iodide under favorable conditions produces an 
optimum effect at a concentration of about 1 mg per cubic mile of air (about 
10* tons), traces of impurities in the atmosphere may help to activate or to 
deactivate the silver iodide. Presumably, if the silver iodide remains long 
in the air, the particles attach themselves to various kinds of dust particles 
and their properties may thus be modified. 

When these particles enter the base of a cloud they probably become con- 
densation nuclei before they reach the freezing level. At a temperature between 
—4°C and —10°C, they lead to the formation of ice crystals at temperatures 
considerably higher than those at which ice crystals form on naturally occur- 
ring ice nuclei. 
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CHAPTER 2 


SEEDING OF STRATUS AND CUMULUS CLOUDS 


Part I of this Final Report, by Dr. Schaefer, summarizes the results of ex- 
periments involving the seeding of stratus clouds. The present chapter aims 
only at calling attention to certain phenomena observed in connection with 
the stratus cloud seedings that are important in understanding widespread 
modifications of weather. 

In the article in the Proceedings of the American Philosophical Society (92, 
180, 1948), there are four photographs that show the pattern formed in the 
top of a deck of stratus clouds that were seeded on 7 April 1947. One of these 
photographs, taken 35 minutes after seeding, was discussed by Ray Falconer 
in his report included in the First Quarterly Report. This appears on page 34 
of the 1948 Final Report. The width of the pattern which had been converted 
from supercooled clouds to ice crystals was one mile 15 minutes after seeding 
and three miles 35 minutes after seeding. There is a further discussion of the 
phenomena observed during this flight on pages 16 through 18 of the 1948 
Final Report. 

A much more detailed analysis of a stratus cloud seeding is in Occasional 
Report No. 10, section on Flight 23, page 121 of the 1948 Final Report. Within 
20 minutes after seeding at 8000 feet altitude, snow had already fallen to the 
2000-foot level. The cloud base was at 4800 feet, so within these 20 minutes 
the snow had fallen 2800 feet with a velocity of about 60 centimeters per second. 
It is calculated that about 3 x 10% snow crystals fell from the 45 square miles 
of cloud that were affected. 

The six ‘‘point drops” of this flight increased in diameter at the rate of 
nearly 10 miles per hour, so that within two minutes they already had a dia- 
meter of 0.3 mile. 

An analysis of these data indicates that the heating due to the conversion 
of the supercooled cloud to ice crystals caused an elevation of temperature 
of 0.7°C. This caused the ice crystals to spread out a mile and a half from 
the center line within 35 minutes. 

On page 134 of Occasional Report No. 10, a theory is given for the motions 
of the air in the cloud set up by the thermal effects. Within three minutes 
after seeding, terminal velocities of the air should have reached 1.5 meters 
per second. Later, the vertical currents of air near the boundary between 
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the supercooled area and the ice-crystal area should have risen gradually to 
about 4 meters per second, and the horizontal velocity of propagation of this 
boundary became about 1.5 meters per second. 


Occasional Report No. 23 


A brief summary of this report is on page xiv of the 1951 Final Report. 
Nine photographs, pages 240 to 253, show the remarkable changes in the 
clouds that were produced by the dry ice seedings. Within five minutes after 
the first seeding, snowflakes were falling at the rate of 30 cm per second. One 
of the most striking results was that a ‘“‘point drop” of only 20 grams of dry 
ice gave a hole in the stratus cloud which increased in diameter at the uniform 
rate’ of about 2.4 miles per hour for the first 22 minutes. A single pellet weigh- 
ing about two grams gave a hole which grew to a diameter of about 0.4 mile. 

Calculations by the same methods as those used in Occasional Report 
No. 10 indicate that this two-gram pellet of dry ice in falling 300 meters through 
the cloud produced about 3 x 10" ice crystals, but it lost probably less than 
10 per cent of its weight, so that about 10% ice crystals were formed per gram 
of dry ice. This agrees with the results obtained in the cold box and the cal- 
culations discussed in Chapter 1. 

One of the most striking facts in connection with the seeding of cumulus 
clouds is the speed with which virga form below the cloud. This was already 
noted in the paper in the Proceedings of the American Philosophical Society, 
on page 182. In many seeded clouds, the precipitation reaches the ground 
within 15 to 25 minutes after seeding. 

Later, when radar was used, it was frequently found that radar echoes 
came between 10 and 15 minutes after seeding, indicating that fairly large 
drops were already being formed within this short time. 

Of course, with cumulus clouds, such results are only obtained with clouds 
that are of large size and are capable of giving sustained rain. At any given 
place and time, such clouds are not often encountered. 


Rate of Growth of Snowflakes in Supercooled Clouds 


In Flight No. 23 on 29 April 1948, 40 minutes after seeding, the plane 
flew directly through the precipitation at 2300 feet below the cloud base and 
found that the visibility was less than 1/8 mile and that the precipitation was 
falling in the form of rather large snowflakes. There was no other precipitation 
from any other clouds within 100 miles. 

In earlier flights over the Schenectady Airport, when stratus clouds with 
their bases only about 1500 feet above ground were seeded, it was found that 
snow reached the ground within about 15 minutes and that the snowflakes 
were already clusters of rather large stellar crystals, many of which were about 
four mm in diameter. 
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According to Table IV in Occasional Report No. 10, the maximum rate. 
of growth of small snow crystals in air saturated with respect to water would 
be at about —12°C, and within one second the crystals would grow to a dia- 
meter of 0.0016 cm and this would increase in proportion to the square root 
of the time. This equation, which is based on the simple theory of diffusion 
of water vapor to the surface of a growing crystal, agrees well with observations 
during the first few minutes of crystal growth. 

According to this simple diffusion theory, the diameter of the snowflake 
would only be 0.090 cm, or less than 1 mm, after one hour of growth. To grow 
to 4 mm in diameter would require about 20 hours in air saturated with water 
at the most favorable temperature. 

Our seeding experiments thus give proof that, within a few minutes after 
being seeded, ice crystals grow many times more rapidly than they should 
according to the diffusion equation. 

On 1 September 1949, Professor U. Nakaya, Dr. Schaefer, and the writer 
had a discussion about the rate of growth of ice crystals. Professor Nakaya 
described his experiments in which with 10 per cent supersaturation in the 
water vapor he would follow the growth of ice crystals from one to three hours 
at —15°C. The growth was slow. There were, however, no droplets of super- 
cooled water present in his apparatus. 

It is probable that the greater rate of growth begins in supercooled clouds 
when the diameter of the snowflake begins to be comparable with the distances 
between the supercooled water droplets. When the crystal grows to a size 
where it is falling with appreciable velocity, the ‘supercooled cloud particles 
flow close to the surface, so that individually the little droplets of water can 
evaporate and condense on the surface of the ice crystal without having to 
diffuse a distance comparable with the radius of the snowflake. One would 
thus expect that the number of droplets per unit volume in the cloud and also 
the turbulence within the cloud might be important in increasing the rate 
of growth of the snow crystal. 

A little later, a quantitative theory was developed for the rate of deposition 
of ice on a plane surface of an ice crystal when it is in contact with a uniformly 
mixed fog of supercooled water droplets containing particles of known size 
and concentration. The amount of water that can be brought close to the 
surface of the crystal by the movement of air containing water droplets can 
be very much greater than the vapor carried by diffusion. 

Let Q, be the rate of growth of a snow crystal in air containing a definite 
degree of supersaturation with respect to ice—for example, in air that is 
saturated by supercooled water. Then the following equation gives Q, the rate 
of growth of the same ice crystal in the presence of water droplets of uniform 
size of a radius equal to r,,: 


Q/9o = 1+(ry/re) V 3e leu - (2-1) 
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In this equation, 7, is the radius of the growing snowflake, r, is the average 
radius of the water droplet, w is the liquid water content of the fog expressed 
in g/cm’, and g, is the density of the water in the droplets in g/cm’. 

This equation is based on the assumption that there is a sufficient degree 
of motion of the falling snowflake through the air to maintain a uniform dis- 
tribution of the fog particles close to the surface of the snowflake. If the motion 
is too small, then the water droplets near the snowflake become depleted and 
the rate of growth decreases below that gives by the equation. 

This factor can‘easily account for a 5- to 10-fold increase in rate of growth. 
There are probably other factors that depend on the shape of the crystal— 
particularly the tendency for fibers of ice to grow out into the moving vapor— 
that may cause even greater increases in rate, especially in actively growing 
cumulus clouds. Electric fields may also play’a very prominent part in in- 
creasing the rate of growth by inducing dipoles in the water droplets and 
in the snow crystals that tend to draw them together. Such effects can easily 
be produced under experimental conditions in the cold box. 

A short note on page 219 of the 1951 Final Report in Occasional Re- 
port No. 21 calls attention to this theory of the rate of growth of snow 
crystals. 


Visual Evidence of Widespread Effects of Silver Iodide Seeding 


In later chapters of this report, we shall weigh the evidence that silver 
iodide seeding can modify rainfall, temperature, pressure, etc., even at large 
distances from the point of seeding. In the case of stratus cloud seeding, the 
photographs of Occasional Report No. 23 give clear proof that the effects 
spread rapidly out over a few miles on each side of a line along which dry ice 
pellets are. dropped. . : 

Schaefer, in the First Quarterly Report (see page 22 of 1948 Final Report), 
has described ‘‘the effects observed when clouds contain ice crystals.”’ The 
eight different effects which he describes were observed in seeded stratus 
clouds. They also frequently occur in cumulus clouds, and silver iodide seeding 
may produce recognizable effects of this kind in many types of clouds at 
large distances from the point of seeding. When such effects are seen, they 
are often very impressive and are remembered as striking phenomena that are 
convincing evidence of the existence of widespread effects of silver iodide 
seeding. They are, however, usually rather difficult to describe in quantitative 
terms and, therefore, are usually not so convincing to those who get only 
secondhand reports of the observations. 

Two of the effects described by Schaefer —the fuzzy edge to the sun’s 
disk and the general diffuse edges to ice crystal clouds — need a little more 
quantitative description than was given by Schaefer. 
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Fuzzy Sun’s Disk as Seen Through Ice-Crystal Clouds 


During the war, Dr. Schaefer and the writer worked on the development 
of screening smokes consisting of very fine spherical particles of relatively 
nonvolatile hydrocarbon oil with a refractive index of 1.50. The most efficient 
screening smokes required uniform particles of 0.62-micron diameter, just 
about the wave length of the center of the visible spectrum. 

It was found, both theoretically and experimentally, that the color of 
the sun’s disk as seen through a dense layer of screening smoke is a very 
sensitive indicator of the diameter of the particles and even of their uniformity. 
For particles of 0.61-micron diameter, the sun’s disk was apricot colored; 
with larger particles, the color was bright blue; and still larger particles gave 
a brilliant green color. To see these colors well, it was necessary to look at 
the sun when the density of the smoke was such that one could look at 
the sun without hurting one’s eyes; that is, one chose a position under the 
smoke plume where the smoke was of such a density that the brightness of 
the sun’s disk was not too great to see with the unprotected eye. 

It was noted in all of this work that the edge of the sun’s disk, if it could 
be seen at all, was extremely sharp and the illumination over the sun’s disk 
was uniform. 

The theory of the scattering of light at different angles of incidence worked 
out from the Mie theory by methods given by J. A. Stratton and H.G. 
Houghton* indicated that for particles of diameters up to 20 times the wave 
length of light there is no sharp maximum in the scattering of the sun’s 
rays through small angles. 

If the particles are large compared to the wave length of light, the theory 
reduces to that of the scattering of light by reflecting spheres. If the spheres 
reflect perfectly at all angles, the light would be scattered equally in all 
directions. If, however, the spheres are transparent bodies of refractive 
index 1.31 (ice), the reflectivity of the surface for grazing angles of incidence 
approaches 100 per cent but is low at normal incidence. Therefore, the 
scattering of light is much greater for small angles of scattering than for 
larger angles. ; 

When one looks at the sun through ordinary stratus clouds consisting of 
water droplets, one finds that although the light transmitted through the 
cloud a few degrees out from the sun is much more than at, say, 30 degrees, 
the edge of the sun’s disk is perfectly sharp and the sun’s disk is of uniform 
brightness. 

It is a common observation, however, that when the sun is seen through 
an increasing cirrus overcast the edges of the sun’s disk become very fuzzy 
and finally are not even recognizable, the sun’s location being indicated merely 
by a very diffuse spot in the sky. Since the sun’s radfus subtends an angle 


* J. A. Stratton and H.G. Houghton, Phys. Rev. 38, 157 (1931). 
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of only 0.25 degree, the fuzziness of the disk indicates that the intensity of 
the scattered light through a factor comparable with 2:1 is within scattering 
angles of 0.1 degree. Let us test the hypothesis that the fuzziness of the 
sun’s disk is due to the very great increase in reflectivity of the light from 
plane surfaces of ice crystals which are so oriented that they reflect light at 
nearly grazing incidences. 

From some equations in R.W. Wood’s Optics (page 410 of the 1936 
edition), one can calculate the reflection coefficient for unpolarized light 
from plane surfaces of ice — refractive index n = 1.31 (see Table 2-I). The 


Tase 2-1 


Reflectivity of Light from Plane Surfaces of Ice Crystals 
(Refractive Index = 1.31) 








Angle of reflected 
light measured from Reflectivity 
sun’s center R 
6 
o° | 1.000 
1° | 0.946 
2° 0.894 
4° 0.800 
10° 0.577 
20° | 0.340 
180° 0.018 








angle 6 corresponds to the angle that one sees between the center of the 
sun and the place in the sky from which the scattered light comes. The 
complement of the angle of incidence is 0/2. Thus the value of 6 = 180° 
corresponds to the intensity of the light that is reflected at normal incidence. 
This could be observed from an airplane by looking at the reflection of 
sunlight from particles in an ice-crystal cloud close to the shadow of the 
plane. 

These values of R when plotted on semi-log paper against the angle 6 
give very closely a straight line. Thus, the brightness of the reflected light 
from randomly oriented snow crystals in the sky falls to one e™ value, i.e. 
36.8 per cent, at an angle of @ = 18.2°. 

The sunlight transmitted through a fairly dense cirrus overcast has prob- 
ably been reflected many times from crystals that are nearly at grazing 
incidence to the light rays. If there are ten such multiple reflections, the 
angular displacement corresponding to falling to 1/e value would be 1/10 
as great, or 1.82 degrees. This alone would not account for the observed fuzzi- 
ness of the edge of the disk. The fact that the sun is not a point source 
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of light but is spread out over a disk of 0.5 degree in diameter would con- 
siderably increase the apparent fuzziness. 

It would appear that ten to thirty multiple reflections at nearly grazing 
incidence may explain the fuzziness of the sun’s disk. 

To test this hypothesis, Schaefer made some measurements on 20 February 
1947. On this day at 9 a.m. the sky was a pale blue, but there was a cirrus 
veil with a rather faint broad 22-degree halo. With a portable brightness meter, 
the sky brightness was measured in foot-lamberts at different distances out 
from the sun’s center. At four times between 2:15 p.m. and 3:50 p.m., meas- 
urements were made while the cirrus overcast was increasing steadily (see 
Table 2-II). 








Tasie 2-II 
Brightness, as a Function of the Angle 0 from the Center of the Sun’s Disk in 
Foot-lamberts 
(Observations of 20 February 1947) 
oa 7 | 2:20 p.m.| 3:00 p.m.| 3:35 p.m.| 3:45 p.m. 
{ 
o° | 50,000 25,000 750 | 260 
0.5° | 31,000 | 12,500 | 670 240 
1.0° 15,000 4700 650 215 
1.5° 8000 2000 590 185 
5.0° | 4700 1400 480 170 
22° halo visible? Yes Yes No No 
Angle for 1/eth 
brightness 0.50° | 0.40° _ _ 











With clear sky, the brightness of the sun’s disk is 4.4 x 10* foot-lamberts or 150,000 candles/cm". 


If we subtract the brightness at 5 degrees from that at the smaller angles 
and plot the residues on semi-log paper as a function of the angles from 0.5 
out to 1.5 degrees, the points lie approximately on a straight line. For the 
measurements at 2:20 p.m., they fall to 1/e" value at an angle of 0.50 degree. 
Comparing this with the 1/e** value of 18.2 degrees from the reflectivity itself 
(Table 2-I), we find that the number of multiple reflections would need 
to be of the order of 35 for the data at 2:20 p.m. and about 45 for the data 
at 3:00 p.m. The maximum brightness found at 2:20 p.m. was about 1/10,000 
of that of the clear sun’s disk, and at 3:00 p.m. about 1/20,000. With any 
brightness very much greater than this, it is hard to look at the sun with 
unprotected eyes. 

This theory of the small angle scattering of light from small plane surfaces 
would be true independently of the size of the surfaces, provided the width 
of the projected area of the surface is large compared to the wave length of 
light, so that diffraction phenomena do not become too important. At a 
value of 9 = 0.5°, the projected width of the snowflake is only about 0.8 
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per cent of its diameter. If this projected width is equated to a wave length 
of light, the crystal should have a diameter of at least 60 microns to give 
reflections that correspond to Table 2-II. The cirrus crystals that produce 
halos and the fuzzy sun’s disk are undoubtedly at least as large as this, that 
is, 1/10 mm in diameter. If the particles are much smaller, the fuzziness of the 
disk would be distinctly decreased. 

On various occasions, the writer has observed a similar effect when looking 
at a sunlit hillside through a heavy thunder shower consisting of large drops. 
Even through field glasses, one sees that the outlines of distant trees, etc., 
are distinctly fuzzy. With small raindrops or Scotch mist, however, the outlines, 
even if they show little contrast, do not become fuzzy. 

The fuzziness of the sun’s disk appears to be due to reflection of light 
from surfaces of very small curvature. To get this effect from large raindrops, 
these must have diameters of several millimeters. 

Except in cases of very heavy rain, the fuzziness of the sun’s disk is a very 
safe indication of the presence of snowflakes of diameters approximating at 
least 50 to 100 microns. 


Diffuse Edges of Clouds Containing Ice Crystals 


As one watches the development of a cumulus cloud into a thunderstorm, 
there usually comes a time when one first sees evidences of ice crystals at 
the upper part of the cloud, perhaps the beginning of an anvil top. Sometimes 
this change-over to ice crystals is unmistakable. At other times, there may 
be a great deal of uncertainty as to whether or not this is the proper conclusion 
to draw. 

In Puerto Rico, tropical clouds at temperatures well above freezing often 
show transformations at the top which strongly resemble the formation of 
cirrus clouds at the top of a thunderstorm. Sometimes stratus clouds are 
formed which become very diffuse and look very much like ice-crystal clouds. 
Investigation, however, shows that these are stratus clouds from which a drizzle 
or a Scotch mist is falling. We now believe that such rain in the tropics is as- 
sociated with salt particles in the air from the trade winds. 

Occasionally the same sort of thing was observed to happen in New Mexico 
in clouds having temperatures far below freezing. At first, we thought these 
were undoubtedly ice-crystal clouds, but by flying through them it was possible 
to prove in some cases that they were supercooled clouds that could be turned 
to ice crystals by seeding with dry ice. 

The diffuseness of the edges of cumulus clouds or stratus clouds is, therefore, 
not always a safe test for the presence of ice crystals. 

A typical rapidly growing cumulus cloud, such as the orographic clouds 
that occur in the southwestern states, has hard, cauliflower-like surfaces. 
However, as each individual cell reaches its maximum altitude and begins 
to descend and dissipate, the surface becomes ragged by evaporation. The 
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little shreds of cloud that appear at the dissipating edge are usually individually 
recognizable for 30 to 50 seconds, depending on altitude and humidity, but 
are then replaced by others that, in turn, disappear after a somewhat similar 
length of time. If there are ice crystals within such rapidly growing clouds, 
the crystals continue to grow even when most of the supercooled water droplets 
begin evaporating at the edge of the dissipating cloud; so that when the water 
droplets finally disappear, there is a residue of much larger snow crystals 
which evaporate much more slowly and soon give a diffuse appearance because 
the crystals are of various sizes and fall at different rates. 

The dissipation of these shreds of the dissipating cloud thus seems to 
occur in two easily recognizable stages. 

If it is possible to observe clearly this two-stage process in the evaporation 
of the ragged edge of a dissipating cumulus cloud, one can be very sure that 
ice crystals are present. In the growth of thunderstorms, this process leads 
to the gradual accumulation of ice-crystal residues which raise the humidity, 
so that finally the whole top of the cloud forms an anvil top. 

In Flight No. 45 near Albuquerque, New Mexico, on 14 October 1948, 
the photographs that were taken at an altitude of 27,000 feet show that thes¢ 
residues of ice crystals in cumulus clouds first appeared about ten minutes 
after the first seeding; but thereafter the successive cells that formed at 
intervals of two or four minutes in this cloud over the Manzano Mountains 
left a larger and larger percentage of ice crystals, until finally the whole top 
of the cloud was hidden by the residues that thus constituted an anvil top. 

Unseeded cumulus clouds in New Mexico, however, very frequently rise 
to great heights without the formation of any appreciable numbers of ice 
crystals. If the clouds rise to the —39°C isotherm, the particles that are 
formed are so small that they have no tendency to settle out, so that a ring 
crown is formed which spreads out as a very uniform pancake (see page 
291, Occasional Report No. 25, of 1951 Final Report). 

The fair-weather cumulus clouds that are frequently seen in the West 
at altitudes from 15,000 to 20,000 feet ordinarily are hardsurfaced clouds 
and they leave no residue of ice as they dissipate. When seeding operations 
using silver iodide are carried out, however, then even at large distances from 
the source of seeding one often sees large areas of clouds — thousands of 
square miles — where these fairweather cumulus clouds start to develop 
in the normal way, but as they evaporate they leave an ice residue — 
two stages being easily recognizable in the dissipation of the clouds. Frequently 
there is a sharp line of demarcation in the sky between the clouds that leave 
these ice residues and other clouds just like them in their early stages on the 
other side of this boundary which show no such effects. 

The characteristic feature of this ice-crystal development is that it takes 
place at an altitude far lower than that at which ice would appear in the 
absence of seeding agents. Normally, in the Southwest, clouds rise to 25,000 
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or 30,000 feet before any ice crystals are observed to form spontaneously; 
but when seeding operations are carried out, then even several hundred 
miles from the point of seeding, clouds may be seen that form ice crystals 
at low altitude where the temperatures may be —5°C. 

Not only does this recognition of two stages in the dissipation of the clouds 
help to identify the ice crystals, but this conclusion can frequently be checked 
if these clouds pass between the observer and the sun and show the fuzzy 
sun’s disk. 

Effects of this kind leading up to the development of large cumulus clouds 
that first show ice crystals at low altitudes give to the careful observer the 
most striking evidence of widespread effects produced by silver iodide seeding. 
This will be referred to again in Chapter 3 in connection with particular 
experiments. 
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CHAPTER 3 


WIDESPREAD EFFECTS FROM SEEDING 
OF CUMULUS CLOUDS 


THE FIRST indications that seeding of large growing cumulus clouds can 
give heavy rain over large areas were found in Flights 45 and 110 in New 
Mexico on 14 October 1948 and 21 July 1949. Summaries of the conclusions 
in regard to the rainfall distribution following these two seeding experiments 
have been given in Occasional Reports No. 21 and No. 24 in the 1951 Final 
Report on pages 204 and 259. 

All of the material in Occasional Report No. 21 except the supplement was 
also in a paper in the journal Science in July 1950 (I. Langmuir, Science . 
112, 35, 1950). An extensive summary of Occasional Report No. 21 is on 
page xi of the 1951 Final Report, and there is a summary of Occasional Report 
No. 24 on page xv. 

It is stated in this summary: 


‘‘The report is. only a partial analysis of the data of Flight 45. A very 
detailed study has been made of this flight of which the report represents 
only about one-fifth. It is not considered at present to be particularly 
important to publish the further details of this flight, because since December 
1949 seeding experiments have been made every week, so that we have 
a weekly repetition of these experiments which furnish us data that are of 
much greater statistical significance than Flight 45 alone.” 


It is not intended here to review the statements already made in Occasional 
Reports No. 21 and No. 24. The supplement to Occasional Report No. 21 
gives quantitative data on the rainfall distribution, but this was not analyzed 
in detail and has not been referred to by those who have criticized the shorter 
article in Science. The supplement was added to Occasional Report No. 21 
as a reply to criticisms by Mr. William Lewis at the New York meeting of 
the American Meteorological Society on 25 January 1950, where a summary 
of these two cloud-seeding experiments in New Mexico was presented. 

The real answer to Mr. Lewis’ criticisms and to those made by Mr. 
Ferguson Hall (Ferguson Hall, Science 113, 189, 1951) is contained in the 
diagrams and tables in the supplement to Occasional Report No. 21. No 
analyses of these data were included in the supplement, but a comparison 
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of the two diagrams and the figures that go with them shows the very striking 
similarity in the distribution of the rainfall about the point of seeding on 
these two flights. The highly significant correspondence between these rainfall 
distributions is so obvious that a statistical analysis is really unnecessary. 
We have looked in vain for similar distributions at other times in New Mexico 
and have found nothing closely resembling these. 

Mr. Ferguson Hall stated in his article in Science that William Lewis found 
similar patterns on 4 and 5 July 1945 and 24 and 25 August 1946. These 
distributions have been examined carefully and compared with those on the 
seeding days described in Occasional Report No. 21, but the similarity is 
not at all close. 

Flight 45. The tables and diagrams in the supplement give the following 
figures for the rainfall in New Mexico on these two days — 14 October 1948 
and 21 July 1949. After the seeding of 14 October 1948, within a distance of 
160 miles from the point of seeding there was an area of 39,000 square 
miles that had a rainfall of over 0.10 inch, giving actually an average rainfall 
of 0.25 inch and a total amount of rain of 500,000 acre feet. This rain all 
occurred in directions from Albuquerque which were known to correspond 
with observed wind directions seen from cloud motions and from Weather 
Bureau upper air data. 

Flight 110. The heavy rain of 21 July 1949 had almost the same distribution. 
Within 200 miles of the seeding point, there was an area of 68,000 square 
miles that had a rainfall intensity of over 0.1 inch, the average being 0.32 
inch, and the total rainfall was 1,220,000 acre feet. These rains were also 
distributed in sectors that corresponded to known motions of clouds and 
upper air winds. 

On this day there were, however, scattered showers in the southern part 
of the state and some in the extreme northeastern part of the state at more 
than 200 miles from the point of seeding, which were perhaps caused by seedings 
that were known to have occurred on previous days near Phoenix, Arizona, 
and near Albuquerque on 19 July; or they may have occurred spontaneously, 
since there are, in fact, very few days during July in New Mexico on which 
there are not scattered showers in some part of the state. In Occasional 
Report No. 21 the evidence that these rains were very unusual in character 
has already been given. P 

Besides the analysis published in this supplement, very extensive work 
has been done on the time sequence of the rains as they moved out gradually 
at reasonable velocities from the point of seeding. These data have not been 
published and for the present there is no intension of publishing them, because 
the data, although very convincing, are not statistically as significant as those 
which we shall discuss in later chapters where we describe the effects of periodic 
seeding at weekly intervals. These analyses will show that the periodic seedings 
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produced results quite similar to those described in Occasional Reports No. 21 
and 24. There is, therefore, no longer any @ priori reason why such results 
should be rejected without examination as being ‘‘fantastic.” 

In the supplement to Occasional Report No. 21 there are several quotations 
from 8000 words of notes that were dictated during the late evening of 21 
July 1949 after the seeding experiments of that date. 

In considering the criticisms of our conclusions that heavy rains on this 
day were induced by seeding, we should note that the mixing ratio at the 
freezing level at 8 a.m. on 21 July 1949 was only 3.5 g/m’. This was lower 
than on any of the ten days that we were in New Mexico with the exception 
of 18 July, on which the mixing ratio at the freezing level was 3.1. 

The following quotations are from the notes of 21 July 1949: 

“In summing up the work that we have done, every operation with silver 
iodide seeding has resulted in very considerable rainfall and has almost 
invariably generated clouds that have ice crystals even at low altitudes. This 
is something which is unique as far as I know. I have never previously seen 
cumulus clouds of this type grow into ice crystals the way that these have. 

“The clouds which underwent this transformation were clouds which were, 
as far as I could see, exactly in the areas where the presumption is that 
silver iodide smoke was made to go by the wind. Therefore, taking all in 
all, I feel that the evidence is now practically overwhelming. The evidence 
for the production of rain, and even thunderstorms, by silver iodide seeding 
is now about as certain as the opening up of clouds by stratus cloud seeding.” 


The first silver iodide seedings that we had made during these experiments 
at Albuquerque from 12 July to 29 July were made on 15 July when the 
generator was operated for a few hours in the morning. The flight plans for 
that day were to study the effects of dry ice seeding on clouds forming along 
the Sandia-Manzano range that extends north and south on the east side of 
the Rio Grande Valley. These experiments were interfered with by the oc- 
currence of rain before the dry ice seeding started. Later, it was found that 
this tied in well with the effects observed on other days when the silver iodide 
generator was operated. 

On Sunday, 17 July 1949, when no flight program was scheduled, Dr. 
Vonnegut ran the silver iodide generator from 1205 to 1334. The day was 

, one in which there was a very light steady breeze from the north-northwest 
and the clouds were moving very slowly from that direction. The writer took 
many photographs during the afternoon. In the early part of the afternoon 
some very distant cumulus clouds formed pancakes, probably reaching the 
altitude of the —39°C isotherm, but such clouds showed no signs of giving 
rainfall although they did form some high cirrus overcasts. 

Begifning at 1510, a succession of eight separate cumulus clouds began 
to form which gradually developed ice crystals at low altitudes. These crystals 
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were evidently produced by the silver iodide seeding, for there were no 
other clouds of that type within sight. 


Notes made at the time stated: 

“‘At 1548 a line of eight cumulus clouds have been forming over the Sandia 
Crest and have moved towards 140, degrees. A panorama of these clouds 
was taken with a Leica camera with the axis of the camera at azimuths 
of 40, 70, 100, and 130 degrees. The cloud bases were estimated to be 
15,000 feet.” 


At 1610: 


“There is something peculiar about these clouds. The one at the left 
of the eight clouds at about 50 degrees was the first to show ice crystals 
at 1603 and showed rain at the left front side about 1/4 of the way up. 
Gradually the next two clouds developed ice crystals and now they all 
show it at 1610. No anvil tops. In all of these clouds, the first ice appeared 
at a level far below the top of the cloud. I have never previously seen a similar 
line of clouds.” 


At 1614: 


‘Rain is observed below each of these clouds. At 1617, there is light to 
moderate rain along the whole line of eight clouds.” 


Later: 


“*The eight clouds all finally joined together into one, although they were 
completely separated when they first formed. The last three clouds gave 
ice crystals in rapid succession, but in the earlier clouds, now further to 
the right, the ice crystals developed at intervals of about five minutes. 
At 1637, these clouds have been very different from any other clouds. 
At 1641, there was a flash of lightning at an azimuth of 95 degrees. At 1648, 
the two end clouds have increased in size while the intermediate ones have 
largely dissipated.” 

The photographs which were taken show very distinctly the development 
of ice crystals at about 1/4 to 1/2 the height of the cloud. 


Seeding of Cumulus Clouds at Lake George 


A few weeks after our return from New Mexico on 25 July 1949, some small 
seeding experiments were undertaken by burning many sheets of Kleenex 
tissue paper which had been impregnated by a one per cent solution of silver 
iodide and sodium iodide in acetone. 

On one day, two seeding experiments were performed at Lake George. 
The results were so interesting that a very detailed report was prepared on 
16 August 1949, containing about 11,000 words, describing the fascinating 
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phenomena that followed these small-scale seeding operations. I will describe 
briefly the results obtained on one of the days. 

The day was very warm but bright, clear, and sunny, after a week of 
unusually hot weather without rain. On this day, at noon, it was almost windless; 
the relative humidity was 64 per cent and the temperature was 85°, giving 
a mixing ratio of 17 g/kg of dry air, and the dew point was 22.0°C. During 
the afternoon the temperature rose to about 90°F. South and southwest of 
Bolton on Lake George the sky was covered with an average of about 50 
per cent fair-weather cumulus with bases at about 7000 feet and tops at 
9000 feet. The area north and northwest of the lake was almost entirely 
devoid of clouds. The lake’s temperature was 77°F, which was cooler than 
the land. As a result, there were no clouds over the lake itself. Later, a few 
clouds started building over the mountains south and east of French 
Mountain, which is at the south end of Lake George. 

The first seeding at 1220 was made by burning 20 sheets of impregnated 
paper with a total of one gram of silver iodide, and at 1245 a supplemental 
seeding was made, dispersing 0.1 gram of silver iodide. Later in the afternoon 
there was a second seeding at 1535. Briefly, the results of these seedings were 
that each of the two seedings produced a thunderstorm — two separate 
storms. These thunderstorms were unique in character in that they formed 
close to French Mountain and then moved northward along the east shore 
of Lake George, giving rain on the eastern side of the lake but none on 
the west. The second storm traveled north nearly as far as Black Mountain 
before it turned east and left the lake. 

A. large cumulus cloud developed near French Mountain at about 1315. 
Its base was estimated to be at 5500 feet and its top at 27,000 feet. At 1320, 
just one hour after the first silver iodide was released, it was noted that ice 
had formed in the upper part of this large cloud, and virga of snow and rain 
were seen. The storm developed and moved against the light southwesterly 
wind of perhaps four or five miles per hour towards the west, and then 
gradually it reversed its direction and moved towards the north-northeast 
along the shore of the lake. 

For another hour the storm grew in size but remained nearly stationary, 
and the rain increased gradually in area and in intensity. At 1435 it was 
noted: 


‘‘Hear thunder from a bearing of 160 degrees, where the clouds are very 
dark. Ice crystals in the sky now extend to the left from 210-degree azimuth. 
The north limit of the ice crystals is somewhat uncertain, as they are partly 
hidden by lower clouds, but I judge that they extend to the left to about 
50 degrees. The rain area spread to the west to include Prospect Mountain 
but gradually the whole storm moved towards the north until rain began 
falling near Bolton on the east side of the lake.” 
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At 1442 it was noted: 


“I believe that silver iodide has done the trick. Ever since 1320, ice 
crystal clouds have been forming continuously over the south end of the 
lake and moving towards the east-northeast. No clouds have moved in 
from the west or the southwest. At 1502 a light southerly. breeze starts 
up over the lake and a large cumulus cloud that formed over the central 
part of the lake gradually started moving towards the east.” 


At 1520: 


“Practically all of the rain has moved rapidly beyond the mountains to 
the east of the lake. There is no evidence of any ice crystals in any of the 
clouds that can be seen.” 


At 1535, ten more sheets of the impregnated paper were burned, dispersing 
0.25 gram of silver iodide into the air. The first ice crystals were again no- 
ticed in the south near French Mountain at 1630; that is, 55 minutes after 
seeding. Heavy rain started at 1645. Up to 1705, thunder was heard about 
20 times. Between 1705 and 1820 there was a very heavy rain. 

Beginning at 1705, a trip was taken over the lake with a fast motorboat. 
Strong east winds were found blowing down from the mountains on the east 
side of the lake with extremely heavy rain. Over the west side of the lake 
No rain at all fell (the lake is one to two miles wide) and the sky was nearly 
cloudless. Later, as the storm moved further north along the eastern side of 
the lake, a strong south wind of about 15 miles per hour developed. At 
2000 there was still occasional lightning seen in the east. 

The interesting phenomena observed on that day of seeding were recorded 
in great detail. The two storms were extremely similar in character and both 
were very different from any storms that the writer has ever seen at Lake 
George during the 30 years that he has had a camp there. The peculiar 
development and motions of these storms are, however, just what we should 
expect if silver iodide is released over the surface of the lake which was cooler 
than the surrounding land and this smoke drifts slowly southward until reaches 
the slopes of French Mountain, which extends as a peninsula out into the south 
end of the lake. The storms that were formed from both of these seedings formed 
about ten miles south of the point of seeding, which was near Bolton Landing. 

The conditions with bright sunlight and warm weather at Lake George 
were very closely analogous to those that occur along the Sandia and Manzano 
Mountains on the east side of the Rio Grande Valley near Albuquerque. In 
many ways, these two Lake George storms which were formed by 1.25 
grams of silver iodide resembled very closely those that formed in the pre- 
vious month in New Mexico. The amounts of silver iodide per cubic mile 
of air were about the same in both sets of experiments. The Weather Bureau 
records show no other thunderstorms in the neighborhood of Lake George 
on that day. 
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The Seeding of the Hurricane of 13 October 1947 


On 13 October 1947, a small-scale seeding of a tropical hurricane located 
350 miles east-northeast of Jacksonville, Florida, was effected by the Opera- 
tions Group of Project Cirrus. The results of this seeding were described 
in the address before the National Academy of Sciences in Washington and 
were published in the Proceedings of the American Philosophical Society (92, 
183, 1948). A line 110 miles long at an altitude of 19,000 feet was seeded 
in the southeasterly quadrant of this hurricane. Southwest of the eye was 
an exceedingly active squall line, appearing as an almost continuous line of 
cumulonimbus with cirrus tops to an estimated height of 60,000 feet. The seeding 
was done with 80 pounds of dry ice dispensed along the 110-mile. track. 
In addition, two mass drops of 50 pounds each were made into a large cumulus 
top not many miles from the squall line. Upon flying a reverse course back 
along the seeded line, observations showed a pronounced modification of the 
cloud deck that was seeded. An area of about 300 square miles of supercooled 
cloud had been converted to ice crystals. 

The map of the path of the hurricane showed that within about six hours 
the storm changed its character from an extra-tropical storm to the small- 
diameter, slow-moving hurricane characteristic of the tropics. 

This behavior, however, was almost exactly like that of a hurricane that 
followed about the same course between 13 October to 23 October 1906, 
which at about the same place turned back on its path and went back into 
the Gulf of Mexico. It cannot, therefore, be concluded that the change of 
direction of the 1947 hurricane did not occur of its own accord. 

However, an examination of 304 hurricanes that have been recorded 
during the 44 years from 1900 to 1944 and are described in Tannehill’s book 
on hurricanes have shown that only 42, or about 14 per cent, showed any 
sudden changes in direction such as loops or abrupt turns of 60 degrees 
or more. 

The chance that a given hurricane between latitudes of 20° and 40°N 
will change its direction in any given six-hour period is only about one 
in 110. Therefore, the fact that the 1947 hurricane did change its direction 
within six hours after seeding has a significance factor of the order of 100, 
so that there is considerable evidence that seeding hurricanes does tend 
to change their behavior. If the seeding did cause this hurricane to 
change its direction by about 120 degrees, it certainly produced widespread 
modifications of the weather. At that time, 1947, we had no experience 
with the possibility of producing such a marked change in the weather 
conditions over large areas, but at the present time, I think we must conclude 
that the things that were observed to happen in that hurricane are quite 
in line with phenomena that have been produced by dry ice and silver 
iodide seedings. 
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Dr. Reichelderfer’s Opinion Regarding the Possibilities of Modifying 
Hurricanes 


At Oslo, Norway, in August 1948, a meeting was held of the U.G.G.I. 
In the December 1948 number of the Meteorological Magazine of Great Britain, 
there is a summary of meteorological papers presented at this congress. Included 
in this summary is the following: 


‘In a brief statement, it is not possible to describe the many notable 
lectures which were given to the meteorological association. But looking 
back, the most outstanding impression is that created by the discussion of 
rainmaking by artificial means. Early in the conference, a pronouncement 
was given by Dr. Reichelderfer that in all the experiments made in the U.S., 
there was no recorded case in which seeding a cloud with dry ice had 
produced rain when rain from natural causes had not fallen within 30 miles. 
He confirmed that clouds had been dissipated locally by the use of dry 
ice, but it was doubted whether there were, in fact, any profitable possibilities 
of rainmaking on an extensive scale.” 


In a discussion with Dr. Reichelderfer after the symposium on cloud 
physics at the meeting of the American Meteorological Society in New York 
on 25 January 1949, the writer asked him why he had made this statement 
on cloud seeding at the Oslo meeting of the U.G.G.I. He said that such a state- 
ment was needed to counteract the greatly exaggerated statements that I 
had made about the possibilities of weather modification. I asked him particularly 
which statement he considered to be the worst. 

He referred to the address I gave before the National Academy of Sciences 
on 17 November 1947, which was subsequently published in the Proceedings 
of the American Philosophical Society. In this paper, I had suggested that it 
would be worth while to study hurricanes away from land to learn whether 
by seeding them we cannot modify them or make them shift their courses. 
I said: ‘“The chances are excellent that with increasing knowledge we should 
be able to abolish the evil effects of these hurricanes.” Dr. Reichelderfer 
considered that this was a gross overestimate of the effects that could be ex- 
pected of seeding. 

I pointed out to him, however, that the larger the storm, and the more 
energy that is stored in it, the easier it should be at the proper stage in its 
development to get widespread effects. To assume that a hurricane could 
not be successfully modified by even a single pellet of dry ice is like assuming 
that a very large forest could not be set on fire by such a small thing as a single 
match. 
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PERIODIC SILVER IODIDE SEEDINGS IN NEW MEXICO 


WHILE the distribution of rainfall following the experiments in Albuquerque 
on 14 October 1948 and 21 July 1949 was being studied, it became apparent 
that even localized silver iodide seeding may have widespread effects in modi- 
fying general weather conditions in regions several hundred miles from 
the point of seeding. It seemed, in fact, easier to produce such distant effects 
than to cause local rainfall in nearby selected areas. 

The evaluation of the results of the October 1948 and July 1949 experiments 
was greatly facilitated by the similarity of the general weather conditions on 
the two days, so that the second experiment may be considered to be a repeti- 
tion of the first. Because of the difficulty of handling statistically the results 
of only two experiments, it was decided in August 1949 to start periodic seed- 
ings with silver iodide at regular weekly intervals. Experiments of this kind 
were started on 23 August 1949 in the Schoharie Valley, 25 miles SW of Sche- 
nectady, although the major effort was to be devoted later to similar experi- 
ments in New Mexico. 

The reason for preferring New Mexico for the periodic seedings is that 
just to the east of this is a region of cyclogenesis—where moist air from the 
Gulf of Mexico can readily be led to give rain which, in turn, tends to set 
up cyclonic disturbances that travel across the United States. The heat liber- 
ated in the atmosphere by the formation of an inch of rainfall corresponds 
to the heat of sunlight for about three days. Heavy rain induced by seeding 
could, therefore, bring about cyclogenesis. 

The difficulty in interpreting the results of seeding experiments lies in 
the complexity of the natural rain-producing phenomena and our meager 
knowledge of the mechanisms involved. Usually seeding is done only when 
the conditions appear to be favorable. Thus the question always arises, if 
rain has followed a seeding operation, whether or not the rain occurred of 
its own accord. 

It is not easy to randomize a proposed set of seeding experiments in a way 
like that used in biological experiments, largely because of the time consumed 
and the presumably few favorable occasions that arise for seeding experiments. 

When the effects we are looking for occur several hundred miles from 
the point of seeding, the difficulties increase greatly if the experiments are 
to be carried on in the ordinary way. 
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In making any large number of experiments, however, a great simplification 
can be obtained by repeating the experiments according to a regular weekly 
schedule regardless of local weather conditions, thereby causing any effects 
produced by the seeding to become periodic in nature. The periodicity in 
the seedings plays a part like that involved in the use of radioactive tracer 
elements now so common in biological experiments. The resulting periodicity 
in the weather becomes a label by which the effects of the seedings can be 
identified and distinguished from those that might occur spontaneously.- . 

Prearranged periodic seeding schedules provide fundamentally the same 
advantages as those obtained from randomization of the experiments—that 
is, from the use of random choice to determine the particular days or sites 
for the experiments. Meteorological phenomena have shown no clearly recog- 
nizable and persistent dependence on the day of the week. Therefore, by 
choosing deliberately to seed on certain predetermined days of the week 
in successive weeks, one designs experiments that have no relation to the 
existing weather. The seeding days, therefore, will automatically be chosen 
at random with respect to any changes that are likely to occur in synoptic 
weather conditions. 

The choice of a seven-day periodicity was entirely a matter of convenience 
in carrying out the operations. It was decided to carry on the seeding by using 
one generator operating for eight hours on Tuesday, Wednesday, and Thurs- 
day of each successive week—this to be done, of course, regardless of the 
weather conditions. It was proposed that the major experiments of this type 
be done at Socerro, New Mexico. At this time, a rather close liaison had been 
established with Dr. E. J. Workman and his co-workers at the New Mexico 
School of Mines at Socorro. Arrangements were then made to send a silver 
iodide generator with the silver iodide solution to Socorro for these weekly 
seedings. A few trial seedings on this project were begun in November. 

Long before that, however, in order to gain experience, we had also started 
a series of seeding experiments in the Schoharie Valley. These seedings were 
also made on Tuesday, Wednesday, and Thursday of successive weeks. The 
first seeding was done on Tuesday, 23 August 1949, and these continued 
with very few interruptions until the last seeding on Tuesday, 21 February 
1950. The silver iodide generator in the Schoharie experiments was mounted 
on a moving automobile and operated for about three hours on each 
seeding day. 

Another set of periodic seeding experiments was started on 4 December 
1949 on the summit of Mt. Washington. These seedings continued until the 
last seeding on 29 March 1950. Again, a single generator was operated on 
Tuesday, Wednesday, and Thursday of successive weeks. 

There were a few cases in which rather spectacular cloud effects were seen 
in Schenectady, which were presumably produced by the silver iodide seeding 
in the Schoharie Valley. In some cases, whole cloud systems turned to ice 
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crystals at far lower altitudes than one would ordinarily expect ice crystals 
to appear; and, in several cases, rain that seemed to be associated with these 
cloud modifications reached the ground. 

However, it was difficult to make an objective evaluation of the effects 
of these experiments without further knowledge of the rainfall at the stations 
that report the Climatological Data for the Weather Bureau. These data only 
become available two or three months after the rainfall has occurred. There- 
fore, it was not planned to make any careful analysis of the results of the Scho- 
harie and Mt. Washington seedings until we were able to obtain the Climato- 
logical Data. Actually, this was not done until some time in April; and, by 
that time, we had started the periodic seedings in New Mexico and were evaluat- 
ing the results. The Schoharie experiments and the Mt. Washington seeding 
experiments were, therefore, discontinued during the spring of 1950. 

In the New Mexico experiments, it was planned by the operation of the 
generator each Tuesday, Wednesday, and Thursday to introduce, if possible, 
a seven-day periodicity in the weather cycle even at considerable distances 
from the generator. 

The first regular seeding on this schedule was made on Tuesday, 6 December 
1949, and periodic seedings continued thereafter until 2 July 1951, a total 
interval of 84 weeks. During this time, several modifications in the seeding 
schedule were deliberately made to test various questions that arose in the 
course of the work. All of these modifications were made at the beginning 
of 28-day cycles, starting from the original date in December. We can, therefore, 
divide all of these seeding cycles into 21 groups of 28 days each. 

In the analyses that we have made of the rainfall and other weather elements 
that have apparently been given a weekly periodicity induced as a result of 
the seeding, it has been convenient to designate the cycles by numerals starting 
from Sunday, 13 November 1949. The 28-day cycle beginning at that time 
is designated Cycle 1. Cycle 2 then begins on Sunday, 11 December 1949, 
five days after the first regular seeding day. Thus, the seedings on Tuesday, 
Wednesday, and Thursday of one week had effects which at large distances, 
at least, became manifest only during the following week. 

During November 1949, before the beginning of the regular seeding schedule, 
various tests of the generator were made. It was operated on Wednesday and 
Thursday, 9 and 10 November 1949, with a total of 75 grams of silver iodide 
used for these two days. On Tuesday, Wednesday, and Thursday—15, 16, 
and 17 November—full-scale operation was started with a total of 644 grams 
of silver iodide. However, various troubles arose in connection with the gen- 
erator, and a new supply of the silver iodide solution had to be prepared. 
Therefore, no seedings were carried out between 18 November and 6 De- 
cember. The seedings of 15, 16, and 17 November, because of many changes 
in operating conditions, were considered to be of doubtful value and were 
not reported to Schenectady until several weeks later. 
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Tasie 4-1 


Early Seeding Schedules at Socorro, New Mexico 
(Up to 29 April 1950) 


Before 29 January 1950 the amounts of AglI in grams are given; after that an ‘‘x’’ indicates 
that the normal amount of about 250 grams was used. Dashes indicate no seeding 























Week 
Cycle starting Tues. Wed. Thurs. Total 
sunday 
! | 
— | 6 Nov. 49 _ 35 40 75 
1 13 Nov. 49 160 296 208 664 
20 Nov. 49 _ _ _ —_ 
27 Nov. 49 _ _ _ _ 
4 Dec. 49 111 - 205 233 549 
2 11 Dec. 49 165 347 174 686 
18 Dec. 49 297 207 269 773 
25 Dec. 49 _ _— _ 0 
1 Jan. 50 263 202 260 725 
3 8 Jan. 50 265 240 266 771 
15 Jan. 50 202 230 222 654 
22 Jan. 50 212 298 241 751 
29 Jan. 50 x x _- x 
4 5 Feb. 50 _ _ _ 
12 Feb. 50 x | x _ 
19 Feb. 50 _ _ _- 
26 Feb. 50 x x H — 
5 5 Mar. 50 _ — | _ 
“12 Mar. 50 x x — 
19 Mar. 50 — —- | = 
26 Mar. 50 x x _ 
6 2 Apr. 50 x x x 
9 Apr. 50 x x x 
16 Apr. 50 — | _ _- 
23 Apr. 50 x ! x ! x 








Table 4-I is a summary of the seeding schedules. Before 29 January 1950, 
the daily amounts of silver iodide in grams are given for each day of operation. 
After that time, the amounts in grams are not specified but in the table an 
“x” indicates that the usual amount was used—about 250 grams per day. 
A dash, on the other hand, indicates that no seeding was done on that day. 
The Christmas week beginning 25 December 1949 led to an unintentional 
interruption of the seeding schedule 

Although it was planned to start the evaluation of the effect of seeding 
only after the Climatological Data for rainfall were available, newspaper accounts 
of heavy rains in the valleys of the Ohio and Wabash Rivers appeared early 


Google 


218 Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


in January 1950. Therefore, Ray Falconer gathered the data on the 24-hour 
rainfalls from the daily weather map for the areas in the Ohio and Wabash 
River Basin that received the heaviest rain. An examination of these data 
soon showed that there was a striking weekly periodicity in the rainfall over 
the whole area covered by 20 Weather Bureau stations (Group A) that give 
daily reports of 24-hour rainfalls. These stations are listed in Table 4-II. 

In the latter part of January, in view of the possibility that the heavy rains 
might have been influenced by seeding, it was recommended to the Steering 
Committee of Project Cirrus that the amount of seeding be reduced by omit- 
ting alternate weeks and seeding on only two days instead of three days in 
any one week. 


Tasie 4-I1 


Group A Stations Representative of an Area of 300,000 Square Miles Where 
Heavy Periodic Rains Started in December 1949 





(The ‘‘center of gravity” for this area is 39°N lat., 87°W long., 
about 1150 statute miles ENE from Socorro, N.M.) 








Springfield, Mo. | Indianapolis, Ind. a 
Memphis, Tenn. | Louisville, Ky. 

St. Louis, Mo. | Chattanooga, Tenn. 
Advance, Mo. | Cincinnati, Ohio 
Moline, Ill. Ft. Wayne, Ind. 
Chicago, Ill. Knoxville, Tenn. 
Milwaukee, Wis. Huntington, W. Va. 
Evansville, Tenn. Bristol, N.C. 
Nashville, Tenn. Cleveland, Ohio 
Springfield, Ill. - Pittsburgh, Pa. 





The change in the seeding schedule took place, according to the data of 
Table 4-I, in the week beginning 29 January 1950. 

Following the decrease in the amount of seeding, there was an immediate 
decrease in the rainfall in Group A stations. Thus, for Cycle 1 before seeding, 
the average rainfall per station day was 0.050 inch; in Cycle 2, just after seeding 
started, the rainfall rose to 0.23 inch and remained high at 0.21 inch during 
Cycle 3. In Cycle 4, beginning on 5 February 1950—four days after the change 
in seeding schedule occurred—the rainfall averaged 0.13 inch, and in the 
next 28-day cycle (Cycle 5) it decreased still further and was 0.12 inch. 

The day-by-day rainfall in hundredths of an inch per station day is given 
in Table 4-III for the interval beginning 3 November 1949—five weeks before 
seeding started—and ending 7 February 1950, nine weeks after seeding. 

The average rainfall as indicated by the last column increased abruptly 
starting on Saturday, 10 December, four days after the beginning of the seeding 
in New Mexico. The rain during the five weeks before seeding only averaged 
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0.035 inch, but for the nine weeks after seeding it averaged 0.211 inch, a six- 
fold increase. Each of the nine average values after seeding started was twice 
as great (or more) as the highest of any of the five weeks before the seeding. 
There was thus an extraordinary increase in the rainfall in the Ohio Basin 
beginning four to five days after seeding started. 


Tasie 4-III 


A Comparison of Average Daily Rainfalls at 20 Stations of Group A 
(In Hundredths of an Inch per Station Day), Before and After the Start of Weekly 
Seedings at Socorro, New Mexico 


Before Regular Seeding 




































































Thurs. Fri. | Sat. | Sun. | Mon. Tues | Wed. Sum | Avg. 
3 Nov. 49 3 1 0 | 0 0 o !o 4 1 
10 Nov. 49 0 3 | 18 | 2 19 1 oO | 4 43 6 
17 Nov. 49 7 2 0 | 0 2 ; 0 | 0 11 2 
24 Nov. 49 18 3 2 0 17 2! 0 42 6 
1 Dec. 49 3 3 6 | 3 0 7 | 2 24 3 
Sum 31 12 | 2 | 5 38 9 | 3 124 | — 

Average 6.2 24| 5.2] 10| 76 | 18 | 06 — 3.54 
Realo 3.2 3.7| 41/ 41 | 3.6 31 | 2.9 — _ 

Correlation Coefficient, CC(7) = 0.177; @ = 6.40 days. 
After the Start of Regular Seeding 

Thus. | Fri. | Sat. | Sun. | Mon. |Tues.| Wed.| Sum | Avg. 

8 Dec. 49 0 4 | 33 | 67 47 21 0 172 25 
15 Dec. 49 0 o | 19 | 28 0 15 | 57 119 17 
22 Dec. 49 27 2 o | 11 39 0 6 85 12 
29 Dec. 49 0 o} 11 11 48 | 94 | 63 227 32 
5 Jan. 50 31 45 0 0 10 | 58 1 145 21 
12 Jan. 50 38 64 8 | 52 9 7 | 14 192 27 
19 Jan. 50 13 0 0 1 20 19 | 30 83 12 
26 Jan. 50 58 8 1 | 23 64 44 | 30 228 33 
2 Feb. 50 13 0 0 1 15 9 | 43 81 12 
Sum 180 | 123 | 72 | 194 | 252 267 | 244 | 1332 = 

Average 20.0 | 13.7| 8.0 21.6| 28.0 29.7| 27.1 _ 21.1 
Reato 19.0 12.1] 12.0] 18.8} 27.4 31.2| 27.5 - ~ 


Correlation Coefficient, CC(7) = 0.962: @ = 2.01 days. 


























Regression Equations (in hundredths of an inch): 
Before: Roato = 3.54+0.64 cos (@—#). 
After: Roato = 21.1+10.1 cos (@—@). 


Ratio of Rains, Tuesday: Saturday = 3.7:1 after seeding. 
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Examining the averages for the different days of the week in the seven 
columns of Table 4-III, we see that before seeding there were three maxima 
and three minima during the week. The average rainfall arranged according 
to the days of the week is shown graphically in the lower part of Fig. 4-1. 
By the method of least squares, which will be described in Chapter 5, the 
cosine curve that makes the best fit with the observed data has been calculated, 
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RAINFALL IN INCHES PER STATION-DAY 





SUN. MON. TUES. WED. THUR. FRI. — SAT. own? 

° ' 2 3 4 5 6 7 

Fic. 4-1. Rainfall at 20 Group A stations before and after the start of weekly seeding. 

X—for 5 weeks (3 Nov.-7 Dec. 1949); O—for 9 weeks (8 Dec.-7 Feb. 1950). 
giving the values of R,. for the rainfall on the different days of the week 
shown in the lowest line of the table. These values rise to a maximum of 0.0418 
inch between Saturday and Sunday and fall to a minimum of 0.029 inch on 
Wednesday. This calculated curve, which is given in Fig. 4-1, has a single 
maximum and thus cannot be a good fepresentation of the actual rainfall 
data with the three maxima and three minima. There was, therefore, no ap- 
preciable seven-day periodicity in the rainfall in the Group A stations before 
8 December 1949. 
In the second part of the table, from 8 December 1949 to 8 February 1950, 

the average values for the days of the week show a distinct maximum of 0.297 
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inch per station day on Tuesday, with a minimum of 0.080 inch on Saturday, 
the Tuesday rainfall being 3.7 times greater than that on Saturday. There 
is an increase in rainfall on each day from Saturday to Tuesday and a decrease 
thereafter on each successive day back to the next Saturday. 

This pronounced weekly periodicity in the rainfall after seeding began 
is not due to a few widely dispersed heavy rains which overpowered in their 
effect the other rains. For example, on Monday, Tuesday, and Wednesday, 
21 of the 27 days, or 78 per cent of the days, had rains of 0.09 inch or more; 
but for the 18 entries on Friday and Saturday, about half a week later, there 
were only five, or 28 per cent of the days, that had rains of this amount. 

The last row at the bottom of the second part of the table gives values of 
Rap 28 determined from the best fitting cosine curve with proper phase ad- 
justment. The agreement between the calculated and the observed rainfalls 
is excellent. These values of rainfall have been plotted in the upper curve 
in Fig. 4-1. The curve for the period after seeding is higher than the other 
curve simply because there is more rain, the ordinates representing the actual 
average rainfall per station day. The maximum rainfall occurs on Tuesday 
and the minimum between Friday and Saturday. 

The standard error, or the root-mean-square of the. differences between 
the observed and the calculated values of R, amounts to 0.024, which is only 
about 1/3 of the root-mean-square differences of the observed values of R 
from the mean of all of them. Thus two-thirds of the variance of the tem- 
peratures indicated by the upper dashed curve in Fig. 4-1 represents a definite 
seven-day periodicity. 

A quantitative method of measuring the degree of periodicity of this kind 
is obtained through the use of the correlation coefficient, which we may rep- 
resent by CC or sometimes more conveniently by r. We wish to obtain the 
correlation coefficient between R,,, and R,,;, as indicated in the last two 
rows of Table 4-III. According to the definition of the correlation coefficient, 
we may take two sets of data such as R,,, and R,,,, and represent them by 
the symbols of X and Y. We may now let x and y represent the deviations 
of these quantities from their respective mean values. Therefore, the sums 
of all the values of x = 0. The same is true of the values of y. For each pair 
of values of x and y, we form the product xy and the squares x* and y*. We 
arrange these in columns and sum them for all of the observations. If we let 
S be a symbol for a sum, we have, as a definition of the correlation coefficient, 


VS (x) S(9*) 
According to modern nomenclature, the sum of the squares of departures 


from the means, such as S(x*), is termed the deviance, and can be represented 
by D(x). Our equation for the correlation coefficient, therefore, becomes 


r= S(xy)/YD(x)D(y) (4-2) 


r=CC 
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By means of these correlation coefficients, we may now calculate the degree 
of periodicity for the intervals before and after the start of seeding. Before 
seeding, we find CC(7) = 0.177, and for the nine weeks after seeding started, 
CC(7) = 0.962. In Chapter 5, we shall discuss the methods of evaluating 
the significance of these correlation coefficients. It must be kept in mind that 
we have adjusted the phase to give the best fit, and this must be taken into 
account in evaluating the significance of the results. This is a case of multiple 
correlation, in which we get the correlation with the sine and cosine terms 
separately and then combine them to determine the maximum correlation 
obtained with proper adjustment of phase. By the same means we also determine 
the phase itself—that is, the day of the week (Sunday = 0) on which the 
maximum rain is to be expected. 

We shall show later that for the five weeks before seeding the low value of 
the correlation coefficient has no significance; in other words, there was no 
significant periodicity. For the period after seeding began, however, the cor- 
relation coefficient of 0.962 is very highly significant—the chances that such 
a value could be obtained by data that were previously shuffled would be 
about 1 in 175. 

Besides the high value of the correlation coefficient, there are three other 
factors that support the hypothesis that these effects observed in Group A 
stations were dependent upon the seedings in New Mexico. 

First, the periodicity began within a week after regular seeding started, 
and it persisted with high amplitude for all the nine weeks. 

Second, the phase of the periodicity remained practically unchanged during 
all this time; that is, the maximum rains occurred at or very close to Tuesday 
with the minima at or very close to Saturday. 

Third, the actual time that elapsed between the beginning of the seeding 
in New Mexico and the beginning of the rains in Group A stations was four 
to six days. One might expect that since the seedings occurred on Tuesday, 
Wednesday, and Thursday—with an effective center on Wednesday—the 
maximum rainfall on Tuesday would, therefore, correspond to a time lag 
of six days. According to the curve of Fig. 4-1, one sees that after the minimum 
on Saturday the sudden increase in the rainfall on Sunday comes five days 
after the beginning of the seeding on Tuesday. Later studies over the country 
as a whole have shown that the phase of the rainfall progresses generally in 
a west-to-east direction at the rate of about 500 miles per day. About two 
or three days appear to be necessary for the propagation of the effect from 
New Mexico, but there is also perhaps a two-day latent period for the building 
up of the initial rainfall effect in the Mississippi Valley. 

At this stage in the analysis, one cannot draw definite conclusions; but the 
observed relationships seem to be reasonable and lend support to the hypothesis 
that the periodicity and the phase of the rainfall in the Group A stations were 
dependent on and induced by the periodicity in the seeding in New Mexico. 
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Ratio Between the Rains on Tuesdays and on Saturdays 


One of the most striking effects brought out from the data of Table 4-III 
and the curve in Fig. 4-1 is the marked difference in the rainfall between 
Tuesday and Saturday. It has frequently been stated by meteorologists from 
the Weather Bureau that the effects to be expected from seeding would be 
small. For example, Chief of the U.S. Weather Bureau F. W. Reichelderfer 
said in an interview with a news reporter published on March 3, 1950, in 
the U.S. News and World Report: 


‘The Weather Bureau observer at the tests (in Albuquerque, New Mexico) 
in July, 1949, conducted by the Office of Naval Research and the Army 
Signal Corps reported that in his opinion the rain occurred naturally, that 
the artifical seeding with silver iodide caused at most a 5 to 10 per cent 
increase in the rain.’ 


Much more recently, Mr. Ferguson Hall in an article on ‘‘Evaluation of the 
Technique of Cloud Seeding to Date,’”’ published in the Trans. N.Y. Acad. 
Sci., page 45 (November, 1951), states: 


‘In conclusion, it is the opinion of the Weather Bureau that in spite of 
the rather discouraging results of most of the field tests, it is likely that 
cloud seeding has some effect on precipitation. Our impression is that 
the effects must be quite modest since it is so difficult to detect them.” 


Now a fourfold increase in rain on Tuesday as compared with Saturday 
is not merely a 5 or 10 per cent effect attributable to seeding, nor is it a ‘“‘modest 
effect” in the words of Mr. Hall; and it is also not difficult to detect. It there- 
fore became important to study these large effects and determine the areas 
over which they extended. 

During these cycles of seeding, a daily examination was made of the rainfall 
distribution over the United States according to the 24-hour rainfall reports 
given in the daily weather maps published by the Weather Bureau. The rains 
in the Mississippi Valley and the Ohio River Valley were much heavier than 
they were further west. In fact, very little rain fell west of the 95-degree W 
meridian, and drought conditions prevailed in New Mexico, Texas, and 
Oklahoma. 

If the periodic seeding in New Mexico induced the periodicity in the rainfall 
in Group A stations, the effect of the silver iodide was probably to initiate 
storms in the lower Mississippi Valley which then traveled towards the E 
or NE in the usual manner. It is not necessary to assume that the silver iodide 
traveled into the Ohio Basin. It is much more likely that the silver iodide 
produced its effect by forming ice crystals and inducing rain, and the silver 
iodide would thus be carried to the ground. The storms set up by the silver 
iodide could cause cyclogenesis and give rainfall which was timed by the initia- 
tion of the first rain in the states of Louisiana, Arkansas, and Missouri. 
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The foregoing results which were noted in early January and February 
gave the first evidence that the rainfall in the Ohio River Basin followed a 
weekly periodicity. 

The high ratio between the rains on Tuesday and on Saturday was found 
to be characteristic of a very large part of the United States. Thus, at Fort 
Wayne, Indiana, for 13 weeks, the rain on Monday averaged 25 times that 
on Saturday. For Albany, New York, the ratio was 12:1 for 11 weeks. In 
Boston, it was 10:1 for 11 weeks. A group of stations, which we later called 
Subdivision D, were studied for the magnitude of this ratio. These stations 
included Burlington, Albany, Boston, Hartford, Nantucket, Caribou, Bangor, 
and Portland. The average rainfall for this whole group on Tuesday was 7.5 
times that on Saturday. 


Taste 4-IV (see also Table 7-XI, page 311) 
Comparison of Rains on Tuesday and on Saturday 


For 12 Week Period December 13, 1949 to March 4, 1950 periods II, III, IV 
These data are typical of conditions over about 1,000,000 sq. miles 












































Tuesds Buffalo Syracuse Wilkes Barre New York Philadelphia 
beans Tues. | Sat. | Tues.| Sat. Tues. | Sat. Tues. | Sat. Tues. Sat. 
Dec. 13 0.11 — | 019) — 0.75 — 0.19 | — 0.38 - 

20 0.48 =| 0.09 0.66 | — — _ _ -— _ - 
27 0.06 {0.01 0.14) — 0.02 — ; 0.22]; — 0.29 - 
Jan. 3 0.60 {0.08 | 0.08 | 0.14 0.14 — | 0.07 | 0.13 0.09 | 0.04 
10 0.67 — | 0.49 | 0.03 0.47 — | 0.41 }0.02 0.11 | 0.05 
17 — |0.01 — |0.03 — |0.01 0.01 | 0.01 0.06 | 0.02 
24 0.42 — | 051) — 0.14 |0.04 | 0.35 | 0.10 0.01 | 0.08 
31 0.35 _ 0.34); — 0.32 — | 0.37 _ 0.65 - 
Feb. 7 _ _ _ - _ _— — |0.01 | —_ _- 
14 1.22 | 0.13 1.11 | 0.01 0.20 _ 1.06 _ 0.64 - 
21 0.21 _ 0.09 | 0.11 0.06 — | 0.05 _ _ _- 
28 0.26 — | 012; — _ — | 002; — 0.04 _ 
Total | 4.38 | 0.32 3.73 | 0.32 | 2.10 ; 0.05 2.75 | 0.27 2.27 10.19 
Ratio | 13.6 11.6 | 42.0 10.2 12.0 
Number of 
Rains 0.10 
or more 9:1 8:2 6:0 6:2 5:0 








An intermediate group of stations (Subdivision C) extending from New 
Jersey to Lake Ontario gave the data illustrated in Table 4-IV. The ratio 
of the rains on Tuesday to Saturday varied from 10:1 at New York to 42:1 
at Wilkes-Barre, Pennsylvania. No large part of the average rain was due 
to any one storm. 
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Another significant test of the periodicity is to consider the total number 
of rains of 0.10 inch or more that occurred on Tuesdays and on Saturdays 
at each of the different cities. Thus, at Buffalo there were 9 out of 12 Tuesdays 
that had over 0.1 inch, but there was only one such rain on a Saturday. In 
Syracuse, there were 8 heavy rains on the 12 Tuesdays and only 2 on a Saturday. 

Even superficial observation of this remarkable difference between the rain 
on Tuesdays and on Saturdays over such a large area indicates that it must 
be very significant. In a later chapter, we shall make an evaluation of the signifi- 
cance of these data by statistical methods. 

The data for Buffalo in Table 4-IV indicate an extremely high significance. 
For example, in each of the 10 weeks having rains over 0.01 inch, the rains 
at Buffalo on Tuesday was higher than on Saturday. If the data were shuffled 
or if there was no operating factor to maintain this difference, there would 
be an even chance that the rain on Tuesday would be greater than that on 
Saturday. Thus the chance that the 10 weeks will all give higher rains on Tuesday 
is only 1 out of 2°, which is about ‘1 in 1000. Actually, the significance factor 
should be much higher than 1000:1 because the Buffalo rainfalls are very 
much higher on Tuesdays than they are on Saturdays. 


Rainfall, Periodicity at Ft. Wayne, Cincinnati, and Knoxville 


During February and March 1950 a study was made of the periodicity 
of the rainfall at individual stations in Group A, as well as at some of the eastern 
stations such as Albany, Buffalo, Boston, and Portland. 

Originally, in the choice of the 20 stations for Group A, it was realized 
that any regularity, such as a periodicity, would be observable more readily 
by taking an average of a good many stations than it would be by using any 
one station alone. This is natural because of the abnormal type of rainfall 
distribution. The skewness of the distribution function for rainfall brings 
many difficulties in estimating the significance of rainfall data, especially 
a periodicity in rainfall. In many cases, about 85 per cent of the rain falls on 
about 15 per cent of the days. Furthermore, there are no negative rains that 
might help compensate for exceptional heavy rains that occur on certain days. 
At any one station, there is usually no rain at all on most days, but if one in- 
‘cludes a large number of stations and takes the average, the number of days 
without rain at all stations will be much less than the average number of rain- 
less days at the individual stations. It is well known, in fact, that by extending 
rainfall averages over long periods of time or over large areas one obtains dis- 
tribution functions that approach more nearly to the normal distribution pattern. 

An examination of the days of maximum rainfall at Group A as compared 
with stations in Maine showed that the rains came about a day later in Maine. 

Group A contained stations that extend over a great distance from E to 
W. For example, the most easterly station is Pittsburgh and the most westerly 


15 Langmuir Memorial Volume XI 


Google 


226 Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


station is Springfield, Missouri, about 750 miles apart. In general, the rains 
at Pittsburgh during the period of seeding came one or even two days later 
than those at Springfield, Missouri. 

By averaging together stations that show such a large difference in phase, 
one tends to smooth out the curve and so cause a lack of contrast between the 
maximum and the minimum values of rainfall during the week. For this reason, 
it was desired to select small groups of stations in which the phase might be 
expected to be about constant. In other words, stations were chosen along 
lines approximately north and south. One such group studied was Ft. Wayne, 
Cincinnati, and Knoxville, lying approximately on a straight line 370 miles 
long with an azimuth of 170 to 370 degrees across the path of storms and at 
an average distance of 1300 statute miles from Socorro, New Mexico. 

In a preliminary survey made in March 1950 for a 13-week interval from 
8 December 1949 to 8 March 1950, the data given in Table 4-V were obtained. 


TABLE 4-V 
Periodicities in Rainfall for 13 Weeks (8 December 1949 to 8 March 1950) 














| CC(7)| Phase @ |Tucs.:Sat. 
Knoxville 0.754 | 2.30 days 9:1 
Ft. Wayne 0.887 | 1.95 days 25:1 
Ft. Wayne, Cincinnati, Knoxville | 0.984 | 2.12 days 7:1 

















In general, after February 1950 it became customary to analyze the data 
in terms of the 28-day cycles given in Table 4-I, but this practice was not 
used in January and February. 

The final data for the average rainfall at Ft. Wayne, Cincinnati, and Knox- 
ville are given in Table 4-VI for Cycles 2, 3, and 4 separately, and at the bottom 
of the table for the combined rainfalls for all three cycles. The ratio of the 
rains on Tuesday and Saturday for the combined total is 12.6:1; for each 
of the cycles separately it exceeds 10:1; and in one case—Cycle 2—it is 24:1. 
The Tuesday ratio, therefore, for these three stations is considerably higher 
than it is for the Group A stations taken together (Table 4-III) which showed 
a Tuesday :Saturday ratio of 4.7:1. The significance of the weekly periodicity 
is also brought out strongly by comparing the number of Tuesdays and Satur- 
days that have an average of over 0.1 inch of rain per station day. The table 
shows that there are 11 such Tuesdays out of the 13 but only one of the 13 
Saturdays. 

In a later chapter, statistical theories will be applied to re-examine these 
data to determine the significance factors. It is evident without analysis that 
the degree of the weekly periodicity in rainfall is of a different order of magni- 
tude than that which may ordinarily be expected in meteorological phenomena. 
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TaBie 4-VI (see also Table 7-IV, page 296) 


Daily Average Rainfall at Ft. Wayne, Cincinnati, and Knoxville (in Hundredths 
of an Inch af Station Day) for Cycles 2, 3, and 4 (84 Days from 11 December 
1949 to 5 March 1950) 


(These three stations lie on a nearly straight line 370 statute miles long [170°-350° azimuth] 
across the path of storms at a distance of about 1300 miles from Socorro, New Mexico.) 

































































5 . Sum Avg. 
11 Dec. 49 6 22 42 1 _ | — 4 {115 | 16 
18 Dec. 49 39 - 11 32 45 | — | — | 127 | 18 
25 Dec. 49 _ 35 _ = = Jem [oe] as 5 
1 Jan. 50 5 37 92 48 16 | 46 | — | 244 | 35 
Sum | 9 | 9% | 145 | 81 | ot | 46 | 4 | 521 | — 
Avg. | 23 24 | 36 | 20 | 15 | 12 | 1{|— | 19 
Cycle 3 
8 Jan. 50 a 12 61 = 20 | ss | 16 | 164 | 24 
15 Jan. 50 61 21 22 15 16 | — | — | 135 | 19 
22 Jan. 50 = 23 39 30 | 80 | 12 | — | 184 | 26 
29 Jan. 50 33 112 30 43 | 1 | — | — | 229 | 33 
Sum 94 168 152 88 | 127 | 67 | 16 | 712 | _ 
Avg. 23 42 38 22 | 32 | 17 | 4|— | 25 
Cycle 4 
5 Feb. 50 a 33 | #417 82 57 6 | — | 195 | 28 
12 Feb. 50 13 45 32 3 2|/— 6 | 101 | 14 
19 Feb. 50 — — 22 46 1 7 7 | 83 
26 Feb. 50 1 = 40 7 —|/—|—| 4 
Sum | 44 78 111 138 60 | 13 | 13 | 427 | — 
Avg. 4 20 28 34 15 | 3 | 3 | _ | 15 
For Cycles 2, 3, and 4 
Sum 198 340 408 307. | 248 | 126 | 33 | 1660} — 
Avg. 16.5| 28.3 34.0 25.6 | 20.6} 105] 27| — | 19.8 
Reato 15.5 | 27.2 33.4 29.3 | 181] 82] 7.0 








Correlation Coefficient CC(7) = 0.963. @ = 2.11 days 

Realo = 19.8+13.6 cos (6—8). 

Ratio of rains on Tuesday: Saturday = 12.6:1. 

Rains averaging over 0.1 inch occurred on 11 of the 13 Tuesdays but on only one ef the 
Saturdays. 
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The correlation coefficient, CC(7) = 0.963, for Cycles 2, 3, and 4 in Table 
4-VI is slightly lower than the value 0.984 given for the 13-week period be- 
ginning 8 December 1949 in Table 4-V. In the earlier analysis the interval 
studied started on Thursday, 8 December, instead of on 11 December. These 
extra three days included a rather heavy rain on Saturday which decreased 
the Tuesday: Saturday ratio, but it increased the degree of fit with the cosine 
curve. 

The sharp minimum on Saturday seems to be observed in all of the Group 
A stations and, in fact, also over the stations in New York and New England, 
and it did not, of course, improve the fit with the sine curve. This sharp 
minimum is also seen in Fig. 4-1. 

There is no reason why seeding on three days of the week should make 
a periodicity in the rainfall which fits exactly a cosine curve. A weekly periodic- 
ity might also have the harmonics of the week, such as a 1/2-week and 1/3-week 
period. Of course, this is just what is occurring in these cases where the mini- 
mum on Saturday is sharper than one would expect from the cosine curve. 
However, the factors that determine the relative importance of the harmonics 
of the weekly period are not yet well understood. In a later chapter (see page 
428), particularly in connection with a study of temperatures, we shall analyze 
the relative importance of the various harmonics and draw some general con- 
clusions from them. 


First Three Months of Periodic Seeding: Summary and Conclusions 


The experiments of periodic silver iodide seeding in New Mexico were 
deliberately planned as a scientifically sound method of carrying on seedings 
having a timing wholly independent of existing weather phenomena. The 
advantages of this experimental design do not seem to have been understood 
or realized by some of the Weather Bureau critics. For example, Mr. Ferguson 
Hall in his article entitled ‘‘An Evaluation of the Technique of Cloud Seeding 
to Date,” Trans. N.Y. Acad. Sci., 11, 14 (November 1951), on page 49, after 
speaking of test using Dry Ice, states: 


‘‘Tests with silver iodide ground generators are even more difficult, since 
we have no exact knowledge of the rate at which the smoke diffuses into 
the upper air or as to the drift of the substance downwind from the generator. 
Thus we hardly know where to look for any results. Possibly as a con- 
sequence, we know of no scientifically designed studies of the effect of silver 
iodide upon precipitation.” 

The experiments involving periodic weekly seeding with silver iodide 
were designed expressly for the purpose of avoiding the necessity of knowing 
how the smoke diffuses into the upper air or the drift of the substance down- 
wind from the generator. 
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Further in his article, Mr. Hall makes these statements: 


‘*Because of uncertainties as to the actual concentration of silver iodide 
in the atmosphere, virtually nothing can be learned of the possible or 
optimum effects which might be produced. 

‘In most cases, methods of analysis are not chosen in advance, nor, in 
many cases, has there been an attempt to determine the statistical significance 
of the results produced.” 


Earlier in the paper, Mr. Hall states on page 48: 


“It has been found by some investigators, for instance, that silver iodide 
deteriorates rapidly when exposed to sunlight. The rate of the diffusion 
and the trajectory of drift of silver iodide remained somewhat uncertain. 
The lack of any apparent physical connection between the release of silver 
iodide and the upper air temperatures, for instance, at great distances, 
raises other problems. Furthermore, the absence of any statement in advance 
of the project as to just what results would be looked for makes subsequent 
evaluation less rigorous.” 


Mr. Hall does not seem to understand the nature of the problems involved 
in the development of a new field in science. Of course, we cannot understand 
and know in advance the mechanisms of the effects that may be produced 
by cloud seeding nor exactly what effects.can be produced when a new 
experiment is tried. We can, however, design the experiments sq as to produce 
a variety of effects and to find and develop methods of analyzing even after 
the experiments have been started. The situation is very much like that involved 
in Edward Jenner’s work when he discovered in 1798 the value of vaccination 
against smallpox. In 1803 to 1805, 12,000 persons were inoculated and the 
annual average of deaths from smallpox fell from 2018 to 622. It was thus 
by statistical methods that the success of this treatment was established; and 
yet nobody understood the process nor the mechanism of the action, for it 
was more than 80 years before the bacterial origin of many diseases was dis- 
covered. Even after that, however, the mechanism of the process was still not 
well understood, and there were societies of antivaccinationists who still main- 
tained that it could not be proved that vaccination had any beneficial effect, 
and that the diminution of smallpox would have happened anyway because 
of the improved general hygiene. 

The particular merit of this statistical approach to problems of this kind 
is that it is possible to find out whether a thing is significant and, therefore, 
whether or not a hypothesis can be verified, without understanding the nature 
of the physical phenomena underlying the effect. For example, it is not neces- 
sary in advance to know just how silver iodide gets into the clouds, nor 
all the phenomena involved in rainfall. 

In the last sentence of Mr. Hall’s paper, he says, “‘It is our feeling at 
the moment that the best chance for progress in answering these questions 
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lies in advancing our knowledge of the mechanism of natural precipitation.” 
Suppose Jenner in 1798 had said that he must await an understanding of the 
mechanism of smallpox before proposing seriously large-scale use of vaccination. 

At some stage in the development of meteorological science, it will be 
desirable to advance our knowledge of the mechanism of natural precipitation; 
but in the meantime we may find whether periodic seeding does or does 
not have a definite effect, and then we will have experimental data which will 
rapidly stimulate the finding of the mechanism. 

Before the start of the periodic seeding, we already had conducted a consid- 
erable number of laboratory experiments on the effects of silver iodide on 
supercooled clouds. Also, for one and a half years we had carried on large- 
scale experiments with silver iodide seeding in New Mexico and had spent 
a great deal of time in evaluating the results of these seeding experiments. 
The periodic seedings were, therefore, started with a reasonable expectation 
that: 

1. A significant widespread periodicity in rainfall would be produced by 

this periodic seeding. 

2. There would be a two-way interaction between the periodic rainfall 
induced by seeding and the synoptic weather conditions. These might 
thus acquire a periodicity which, in turn, under favorable conditions 
would react back on the rainfall. 

These were the primary objectives in starting the periodic seeding experi- 
ments. We could not expect at that time to determine in advance just where 
and how fast the silver iodide would travel and just where and when it would 
produce its maximum effect. 

The possibility of the effect of ultraviolet light in deactivating silver iodide 
was thought of in 1947, and some rough experiments were made at about 
that time to see whether a quartz mercury lamp produced any appreciable 
amount of deactivation. However, little or no effect was found. 

It is one of the advantages of the statistical method of approach, such as 
that which was proposed by the use of periodic seeding, that many questions 
can be answered by the same experiment. For example, if successful results 
are obtained, then it appears that in the atmosphere ultraviolet light does not 
deactivate silver iodide. 

Laboratory experiments to test this effect are extremely difficult. We must 
consider that the optimum effects in the atmosphere, as well as in laboratory 
experiments, in producing large snow crystals from supercooled fog occurs 
with concentrations of about one milligram of silver iodide per cubic mile 
of air or one milligram per million tons of air. 

There are in the atmosphere probably thousands of compounds that might 
conceivably deactivate or reactivate silver iodide, and that are present in far 
too small amounts to be able to detect by chemical means — yet their concentra- 
tion might be enormously greater than a milligram per cubic mile. 
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One indication that it was not safe to conclude from simple laboratory 
experiments that ultraviolet light deactivated silver iodide was the fact that 
in laboratory tests with a cold box silver iodide could be made by many 
radically different methods and still be effective in forming ice crystals 
in supercooled clouds. For example, silver iodide can be introduced into 
the box by various methods: (1) vaporization, as in a flame or on a heated 
platinum wire or from burning charcoal impregnated with silver iodide solution; 
(2) atomization of a dilute water solution of silver iodide in sodium iodide 
with or without acetone; or (3) vaporization of metallic silver from a hot wire 
or from a spark between silver electrodes, with traces of iodine vapor then 
introduced into the air (or, conversely, iodine can be introduced before the 
silver vapor). 

These different methods must produce particles having radically different 
properties and structures, yet they all act effectively as sublimation nuclei. 
im a cloud, we also have to consider that the silver iodide before it is effective 
for ice-crystal formation probably becomes surrounded by a drop of water, 
and the water may dissolve off or modify any surface effects that have 
previously been produced by ultraviolet light. 

We know so little in such a field that it is entirely unwise to predict from 
the laboratory experiments that silver iodide cannot retain its activity in 
the atmosphere under practical conditions. It is far better to make the experiment 
just as Jenner did and to find what the results are. Jenner’s experiment worked — 
it did prevent smallpox. That alone was statistically significant and was enough 
to establish the validity of the vaccination treatment, even if it was not 
understood until a good many years later. 

During February and early March 1950, when the results of the Cycles 2, 
3, and 4 were being evaluated, it seemed possible to draw some very definite 
conclusions. The effects, much greater than had been anticipated, were: 

1. There was a periodicity in rainfall over very large areas of the order 
of a million square miles at distances from 1000 to 2000 miles from the 
point of seeding. The amplitude of the rainfall periodicity was surprisingly 
large; it was not the mere five or ten per cent effect that had been 
anticipated (and that at only short distances) by the Weather Bureau, 
but it was usually about a tenfold increase in rainfal between Tuesdays 
and Saturdays — that is 1000 per cent instead of 10 per cent. 

2. There was a remarkable constancy in the phase during the first three 
cycles — Cycles 2, 3, and 4. This would be expected if the mechanism 
was acting in a regular manner and if the effect was induced by the 
seeding which was being carried on always with the same phase; that is, 
seeding on Tuesday, Wednesday, and Thursday. 

3. Large-scale synoptic effects became very apparent. The heavy rains 
over areas even larger than that covered by the Group A stations naturally 
were associated with storms that traveled across the country; and, if 
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these storms were periodic, obviously the synoptic conditions that went 
with them tended also to become periodic. That these synoptic changes 
should occur on such a large scale was an entirely unexpected result, 
although moderate effects of this kind had been anticipated. 

4. During Cycles 2, 3, and 4, there was a band of abnormally heavy rainfall 
that was about 1000 to 1500 miles long, running from about Louisiana 
and Missouri to the New England states, and it was just this region 
where the rainfall had the greatest periodicity. 

5. West of the 90-degree W meridian, drought conditions generally 
prevailed during these three months. 

6. The most unexpected results from the analysis of the data for Cycles 
2, 3, 4 were that heavy rains were also observed about on schedule 
even in weeks after the seeding was omitted. For example, from Table 
4-I we see that seedings were omitted in the weeks beginning 25 
December, 5 February, and 19 February during Cycles 2, 3, and 4 
If the rainfall was thus produced directly by the silver iodide in the 
air, one would expect that in the weeks following these omitted 
seedings — that is, during the weeks beginning 1 January 1950, 12 
January 1950, and 26 February 1950 — there would be much less rain 
than in the other weeks. 


As a matter of fact, one finds that in the week of 1 January 1950, as seen 
in Table 4-III, there was the heaviest rain of any of the 12 weeks. It 
averaged 0.35 inch per station day for the whole week, with an average of 
0.59 inch per station day on Monday, Tuesday, and Wednesday. In the 
other two weeks following the omitted seedings on 4 February and 26 
February there were distinct rains with maxima on Monday or Tuesday, 
but the rains were not above the average. 

A subsequent examination of these data for Cycles 2 to 6 has indicated 
that there seems to be a real tendency for the rains in the weeks following 
no seeding to be distinctly higher than in the weeks during seeding. Out 
of 16 weeks in Cycles 2, 3, 5, and 6, the five weeks following no seeding 
gave rains that were about 40 per cent higher than the other weeks, and 
statistical analysis indicates that this result has some moderate significance, 
that is, a significance factor of about 10:1. 

Even in March 1950 the results already seemed to indicate that weeks 
following no seeding gave heavier rains than those following weeks of seeding. 
As pointed out above, this result was unexpected, but it gives very little 
reason for disregarding the highly significant weekly periodicity that has 
been observed. There are many mechanisms that may perhaps be found 
to account for this effect. For example, heavy rains of the order of those 
that are being discussed cannot occur unless the moisture has already been 
brought in by wind. That means that seeding can hardly produce a large 
periodic rain unless the winds and the moisture carrying that rain move 
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in before the time when the silver iodide reaches the place where it has its 
greatest effect. 

We do not need to know in detail the mechanisms of such an effect, for 
if the statistical results are sufficiently good, one will find that it will be 
necessary to look for such explanations even if one does not already know 
them. It must not be presumed for a moment that we will not find unexpected 
things developing in a field as new as this is. 

Much thought was given to this problem, even as early in the spring of 
1950. In September 1950, in the preparation of a rough draft for an address 
before the National Academy of Sciences, the following statements were made 
(but not published): 


“In an analysis made in January 1950, we noted that after seeding had 
started practically no rain had fallen (except in California) west of the 
west boundaries of Louisiana, Arkansas, and Missouri. Because of the 
low convective activity in Arizona and New Mexico during the winter 
months, it is to be expected that the silver iodide put out on the ground 
would not have been able to rise into any clouds. Instead, the silver iodide 
would drift slowly to the ENE and diffuse over large areas without producing 
any rainfall, until finally it reached a region over the Mississippi Valley 
where the air containing the silver iodide would become mixed with the 
moist, warm air from the Gulf of Mexico at a much lower altitude than 
prevails over New Mexico itself. This might then produce widespread 
showers over large areas. By this time, the areas involved would have become 
so great and the number of local storms so large that the heat produced 
by the condensation of moisture would cause a further inflow of moist 
air from the Gulf and tend to make self-propagating storms. In other words, 
it would initiate the formation of a cyclone which should then spread over 
the rest of the United States towards the E or ENE. This is an idea which 
seemed reasonable and one that should be tested by an analysis of the rainfall 
distribution over large areas. 

“In Cycles 4 and 5, the seeding had been cut down to alternate weeks 
and two days instead of three. The rainfall decreased; although there was 
an appreciable biweekly component, the most important component remained 
the weekly period. This indicated that there is a rather natural tendency 
in the weather for rainfall to occur at periods approximating five to seven 
days and that the main effect of the silver iodide seeding was to fix the 
phase. Therefore, if the seeding was discontinued for a week, the periodic 
rain continues with only a slight change in the phase. Since the regularity 
of the phase is re-established after two weeks, the net result of omitting 
the seedings on the alternate weeks is relatively small.” 


These studies of the periodicity observed in the rainfall during Cycles 2, 
3, and 4 supported the idea that all heavy rainfall interacts strongly with the 
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synoptic weather, so that the rain is not merely the result of the synoptic 
conditions but is also the cause of simultaneous and subsequent synoptic 
situations, ‘ 

Naturally occurring nuclei are also usually involved in these processes, 
for the occurrence of rain and its effect on the synoptic conditions depend 
upon the presence of and the abundance of nuclei. The effect of silver iodide 
is primarily to introduce nuclei that are effective at a higher temperature than 
that at which ordinary natural nuclei are effective. When seeding experiments 
are made and rainfall follows, there is no reason for believing that all the 
vain that falls must be the result of the silver iodide seeding; thus the 
occurrence of rain in weeks of no seeding should not be particularly surprising. 

Probably the most important effect of the seedings has been to determine 
the timing of the rainfall, rather than its total amount. The abnormally heavy 
rains in Cycles 2, 3, and 4 extended along a band running from Arkansas 
to New England, where the excess above normal was by no means unpre- 
cedented, although the high degree of periodicity in the rainfall appears to 
be so. 

If such large-scale effects as those noticed in Cycles 2, 3, and 4 are indeed 
caused by seeding with only a few pounds of silver iodide per week, the 
potentialities for ultimate control of climate become apparent and military 
applications readily suggest themselves. In view of the objectives of Project 
Cirrus, it was recommended to the Project Cirrus Steering Committee early 
in February 1950 that the widespread effects of seeding should be brought 
to the attention of the higher officers of the Armed Forces. 

The objectives of Project Cirrus, which were well known among those 
working in the project, were given in a two-page article in the Bull. Am. 
Meteor. Soc., 31, 283 (October, 1950), prepared by the Department of Defense 
in July 1950. It is there stated: 


‘Project Cirrus is a cooperative research investigation in cloud physics 
sponsored by the Signal Corps of the U.S. Army and the Office of Naval 
Research in consultation with the General Electric Company. 

“Project Cirrus is a study that was begun in 1947 by the Armed Services 
to learn more about clouds and how to change them in ways that would 
have military applications. 

“Only through a more complete understanding of complex natural 
phenomena associated with clouds and storm formations, growth, and 
dissipation, can the final answer to potential answer to military and economic 
usefulness be obtained. The results to date amply justify the necessity 
of a continued effort in this field.” 


After a few weeks, during the latter part of February, the Steering Com- 
mittee reported that this matter should be referred to the Research and De- 
velopment Board. However, if it were presented in the form of a lecture, the 
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board would probably refer it to a committee. Time would be saved by having 
the committee appointed first by the Panel of Meteorology of the Research 
and Development Board to look into the whole subject and report to the board 
for proper action. The committee was appointed by Dr. H.E. Landsberg 
of the Panel on Meteorology. 


The Haurwitz Committee 


Three members of the committee — Hurd C. Willett, Gardner C. Emmons, 
and George P. Wadsworth — came to Schenectady on 7 March 1950 and 
spent three hours at the General Electric Research Laboratory. They had 
not been told why they had been appointed or what they were to do. About 
50 curves and tables of data were shown to them, many of which were later, 
on 12 October 1950, presented in a paper before the National Academy of 
Sciences — the first time that any of these data had been presented, although 
they were not even then published. All the data which we have covered in 
these foregoing analyses, such as those contained in Fig. 4-1 and Tables 4-III, 
4-IV, and 4-V, were shown to the members of the committee on 7 March. 
On 14 March, the three members of the committee made one more visit to 
Schenectady and spent about five hours there. 

These data were shown to the members of the committee in confidence, 
for there was no intention of publishing the results at that time; the object 
was merely to bring this matter to the attention of higher officers of the Armed 
Forces for their information and recommendation as to the potential military 
applications, 

In November 1949 plans had been made for the study and evaluation of 
the results of periodic seedings. It was decided then to use the correlation 
between the rainfall and the cosine and the sine of the time and thus also to 
find the phase and the time lag of the rain. In a book by Paul G. Hoel, Intro- 
duction to Mathematical Statistics (John Wiley and Sons, New York, 1947), 
pp. 88-89, there is a discussion of a method of assessing the probability of 
a correlation coefficient involving observations. It was not realized at that 
time that we have here a case multiple correlation to which Hoel’s treatment 
is not applicable. For this reason, and because of certain errors of computation, 
greatly exaggerated values for the significance factors were being used when 
the committee visited Schenectady in March 1950. 

When these high values — sometimes as high as a million — were shown 
to the members of the committee, they objected and said that there was 
something radically wrong with the methods. If significance factors of a 100:1 
instead of a 1,000,000:1 ratio had been obtained, they would have been more 
inclined to believe them, but they could give no credence whatever to these 
extremely high significance factors. Finally, on the second day, Dr. Wadsworth 
took one of the curves — probably like that of Fig. 1— and made his own 
analysis of the significance factor. He found it to be 400:1 — that is, there 
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was one chance in 400 that such a high degree of fit with a cosine curve could 
be obtained from shuffled data. This, he said, would ordinarily be considered 
highly significant, but they did not appear to believe these figures were really 
significant. The chairman of the committee, Professor B. Haurwitz, did not 
come to Schenectady. 

Several weeks later this committee made a report of four single-spaced 
typewritten pages. Instead of regarding this problem as one of national 
importance, they looked upon the appointment of the committee merely as 
an attempt to vindicate ‘‘Dr. Langmuir’s claims of spectacular successes in 
rainmaking.’’ Their net conclusion was that the whole matter did not deserve 
serious consideration. They themselves made no further statistical analysis 
of the data which had been presented to them, although they admitted in the 
report that ‘‘there are a number of things shown in evidence which must be 
explained on the basis of coincidence which may have a small probability of 
occurring by chance.” At another place, they say: ‘‘It does not appear that Dr. 
Langmuir is entitled to take credit for having produced most of the rain that 
occurred in that area.” 

The attitude of the committee is shown most clearly by the following 
quotation from their report: 


“It is entirely impossible to prove or disprove Dr. Langmuir’s contention 
that this purported large-scale release of precipitation in the Mississippi 
Valley substantially modified all weather patterns to the extent of making 
that region a center of cyclogenesis (upper air pressure trough) which 
otherwise would not have existed there, but to the synoptic meteorologist 
who is aware of the world-wide character of the mechanics of the general 
cirgulation, and the apparently secondary incidental role of rainfall distribu- 
tion in this pattern, this claim seems extraordinarily extravagant. Certainly 
this possibility can be proved or disproved only by a continuation of suitably 
controlled experimentation.” 

The most important part of the report is their recommendation: 


‘‘Further experimentation should be conducted under carefully controlled 
conditions during the coming spring and summer. Particularly, this seems 
to require that Project Cirrus and the Weather Bureau should closely co- 
operate in such a way that the theories can be adequately tested and specific 
conclusions can be reached at the earliest possible moment.” 


During the course of our conversations with the three members of the 
committee, it was repeatedly stated by them if the periodicities that had been 
noted should continue long enough, they would ultimately become truly 
significant. One would have thought that they would have been interested in 
knowing the results of the analysis of the rainfall data during the subsequent 
months, but they had no further contact with us and never inquired as to the 
later course of the experiments. 
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As a matter of fact, ‘the periodicity did continue during March and 
April and became far more significant than in any of the earlier three 
months. 

The opposition of such men and of members of the Weather Bureau naturally 
prevented any military applications from being considered. In order to bring 
this matter before the scientific world in such a way that a decision could 
be made as to its validity it was decided to present a paper before the National 
Academy of Sciences at its meeting in Schenectady on 12 October 1950. The 
material presented at this meeting is discussed in Chapter 8 of this report. 

The Haurwitz Committee finally published a much abbreviated summary 
of their report in the November number of the Bulletin of the American 
Meteorological Society. This will also be described in Chapter 8, pages 334, 
340. 
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CHAPTER 5 


METHODS OF EVALUATING THE SIGNIFICANCE 
OF THE SEVEN-DAY PERIODICITY IN RAINFALL 


Durinc December 1949 and January and February 1950 (Cycles 2, 3, and 4), 
the rainfall at the Group A stations in the Ohio River Basin, as well as in 
New York and New England, showed a remarkably persistent weekly periodicity 
characterized by a ratio of rainfall between Tuesday and Saturday of about 
5:1 or 10:1 over an area of about one third of the United States. 

That this was an effect of the periodic seeding in New Mexico was not 
conceded by meteorologists — for such a relationship would be so contrary 
to accepted ideas as to be ‘‘an extraordinarily fantastic” hypothesis. 

Fortunately, the experiments were planned to continue long after March 
1950, so that if the hypothesis was correct, the evidence in its favor would 
keep on accumulating and ultimately become decisive. 

In this chapter we shall use periodic correlation coefficients and their 
phases as quantitative measures of rainfall periodicities, not only for the 7-day 
periodicity but for a 28-day periodicity and its harmonics. 

To test and illustrate the methods, we shall consider the rainfall at 20 stations 
in the Ohio Basin (Group A) during the five 28-day cycles from 11 December 
1949 to 29 April 1950 (see Table 5-I), and, for comparison, the rainfall during 
a corresponding 140-day interval two years, earlier when there was no periodic 
silver iodide seeding. 

The Fisher method of variance analysis will be applied in evaluating the 
significance of the observed periodicities in rainfall. Where needed, the method 
will be adjusted by using data from previous years. 

The average day-by-day rainfall data for each of the 140 days of Cycles 
2 to 6 at Group A stations are given in Table 5-I. Similar data for the cor- 
responding interval two years earlier (14 December 1947 to 1 May 1948) 
are contained in Table 5-II. 

For each cycle, the sums of the rains for each of the rows (R) and the 
columns (C) are given, as well as the averages. At the right-hand margin and 
at the bottom of the data for each of the five cycles, there are various items 
whose significance will be discussed later. They are to be used for a statistical 
analysis according to the Fisher theory of the variance ratios. 


[238] 
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Tasre 5-I 
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Average Day-by-day Rainfall at 20 Group A Stations (Hundredths Inch per 
Station-day) for 140 Days Starting 11 December 1949, During Periodic Seeding 


1949 


11 Dec. 
18 Dec. 
25 Dec. 
1 Jan. 
C=Sum 
Avg. 


1950 


8 Jan. 
15 Jan. 
22 Jan. 
29 Jan. 
Sum 
Avg. 


Cycle 2 


Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat. |R=Sum| Avg. | SS | 32,506 





67 
28 
11 
11 


117 
29.2 


T 
52 

1 
24 
77 
19.3 





| 47 
T 
| 
48 


134 
33.5 





10 

9 
20 
64 


| 103 


25.8 


| 


Sun. | Mon. | Tues. 








airs} r |r | 419 154 | 22.0| Dr | 17,786 
15 | 57 | 27 2|T 129 | 18.4| De | 3004 
T 6|/ Tr |r | 1 67 | 9.6| Dr | 3867 
4 | 63 | 31 | 4 | 7 292 | 41.7| Dy | 10,915 
130 | 126 | 58 | 47 | 30 642 | — | Dp | 2641 
32.5 | 31.4 | 14.5 i 7.5| — | 22.9 | s*/28| 14,720 





CC(28) = 0.385; CC(28)z = 0.436; CC(7) = 0.938 


3 @ = 85.8° = 1.67 days 





























1950 | Sun. | Mon. | Tues. | Wed. |Thurs. 


5 Feb. 
12 Feb. 
19 Feb. 
26 Feb. 

Sum 
Avg. 


1 
33 
2 
T 


36 
9.0 


15 
60 

1 
T 


E 


19.0 





























1950 | Sun. | Mon. | Tues. | Wed. [Thurs.| Fri. | Sat. 


5 Mar. 
12 Mar. 
19 Mar. 
26 Mar. 


Sum 


Avg. 
t 


T 
55 
11 
{ 17 
83 


T 

18 
23 
76 








Cycle 3 
Wed. |Thurs.| Fri. | Sat. | Sum | Avg. | SS | 25,036 
58 1 | 38 | 64 8 179 | 25.6| Dr | 12,772 
7/14/13) 7 T 95 | 13.6 | Do | 2410 
19 | 30 | 58 8 1 137 | 19.6 | Dr 659 
“4 | 30 | 13 | T T 175 | 25.0| Dg | 9703 
128 | 75 | 122 |. 72 9 586 | — | Dp | 1231 
32.0} 18.8] 30.5| 180] 22] — | 20.9 | S*/28] 12,264 
CC(28) = 0.310; CC(28)z = 0.319; CC(7) = 0.713; @ = 124.9° = 2.43 days 
Cycle 4 
Fri. | Sat. | Sum | Avg. | SS | 13,509 
9 | 43 | 40 2 6 | 116 | 166| Dp | 8379 
37 3 2 1 6 142 | 20.2] Do 2304 
29 | 32 3 4 3 74 | 10.6] Dr 795 
41 4 2|T T 47 | 6.7 | Dg | 5280 
116 | 82 | 47 7 | 15 379 | — | Dp | 2229 
29.0] 20.5| 11.8] 1.8) 38) — | 13.5 | S%/28| 5130 
CC(28) = 0.516; CC(28)z = 0.542; CC(7) = 0.982; = 106.7° = 2.08 days 
Cycle 5 
Sum | Avg. | SS | 12,694 
10 9 1 5 | 44 69 | 9.8] Dr 8757 
0 2 | 13 8 T 96 | 13.7 | Do 2284 
2 | 10 6 4 3 59 | 84] Dr 223 
1 2|T 8 4 108 | 15.4| Dg | 6246 
13 23 20 25 | 51 332 — | Dp 1528 
3.2) 58] 5.0] 62! 128) — 11.9 | St 3937 





20.8 


29.2 


| 117 


























CC(28) = 0.418; CC(28)z = 0.423; CC(7) = 0.817; ¢ = 16.4° = 0.32 days 
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Taste 5-I (continued) 
Cycle 6 

















1950 | Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat. | Sum | Avg. | SS | 9011 
i | | : 
2 Ape: | 21; 59 | 37 2|T T 1 120 | 17.1 | Dr ‘ 5945 
9 Apr. | 11 | 16 4 1 2|T T 34 | 4.8] Dco ‘ 2311 
16 Apr. | T T 5: 1 1.) T 2 19 2.7| Dr‘ 1265 
23 Apr.| 26 | 37 | 22 | T | T 14 | 21 120 | 17.1] Ds | 2369 
Sum| 58 | 112 | 68 | 14 | 3 | 14 | 24 293 | — | Dp 1990 
Avg.| 14.5] 28.0] 17.0) 3.5) 0.8) 3.5} 60) — 10.5 | S3/28' 3066 














CC(28) = 0.579; CC(28)z = 0.652; CC(7) = 0.928; @ = 49.2° = 0.96 days 





All Five Cycles Taken Together (140 Days) 






































Sum | 371 | 542 | 455 320 250 | 165 | 129 | 2232 | — | SS | 92,756 
| 18. ; 8] 16. é .2| 6.4) — 5.9 | 
Avg.| 18.6| 27.1] 22.8 12.5] 8.2! | 15.9 Exe 
De | 6775 
| Da | 10,318 
CC(140)= 0.325; CC(140)z = 0.359; CC(7)=0.945; @=77.2°=1.50 days | De | 40,079 
Dp | 6052 
}S*/140 , 35,584 








The data of Table 5-I correspond’ to a 20-week interval in which periodic 
seeding was being conducted. For the corresponding interval covered by Table 
5-II, there was no periodic seeding and presumably very little seeding even 
by commercial operators, so that the data in this table represent typical data 
for past years not affected by seeding. 

Even a superficial examination of the sums (C) of the columns for each 
of the five cycles in Table 5-I shows that there is a very definite weekly periodi- 
city. The maximum rainfall in each of the five cycles falls on Sunday, Monday, 
or Tuesday. The averages of the rains for all of the five cycles at the bottom 
of the table give a single maximum of 26.8 on Monday and a minimum of 
. 6.4 on Saturday. The ratio between the Monday and the Saturday rains is 4.16:1. 

On the other hand, the averages of the five nonseeding cycles in 1947 and 
1948 indicate that there were two nearly equal maxima on Monday and on 
Friday, with the Monday maximum falling only one day after the minimum 
for the week on Sunday. Thus, there is obviously no appreciable persistent 
7-day component of periodicity shown by Table 5-II. Examination of the 
individual cycles in this table, however, shows that in Cycle 4 and Cycle 6 
there is a noticeable 7-day periodicity. However, the maximum for Cycle 4 
comes on Friday, but in Cycle 6 it comes between Monday and Tuesday, 
just half a week earlier. There is thus no tendency for the phases to remain 
constant as they did in the data of Table 5-I at the time of the periodic seeding. 

In Chapter 4, Table 4-III, we used the correlation coefficient designated by 
CC(7), which was defined by Eqs. (1) and (2), as a measure of the degree with 
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which the average rainfall for each of the 7 days of the week fits the calculated 
cosine curve. An evaluation of the evidence that the periodic seeding has 
effects at large distances depends not only on CC(7) but also on the ratio 
between the maximum and minimum rains during the week. This ratio is 
not determinable from the correlation coefficient. Thus, if a constant amount 
were added to all the values of R,., it would have no effect on the correlation 
coefficient, although it would reduce the ratio. It is largely for this reason 
that we have emphasized the importance of the ratio of the rain at the maximum 


Tasie 5-II 


Average Day-by-day Rainfall at 20 Group A Stations (Hundredths Inch per 
Station-day) for 140 Days Starting 14 December 1947, Two Years before Periodic 














Seeding 

Cycle 2 
1947 | Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat. |R=Sum | Avg. | SS | 11,079 
uve. | ol] | 1] 4 | o| T] 0 | 52. | 7.4 |Dr | 9749 
MDe./ Of T | oO! 11 3) 1/ T 5 | 0.7|Do | 1586 
De. | 0 | 0} T | 43 | 81 | 6 | T | 130 | 193|Dp | 1479 
4jn. | 4/7 | 2|7T | Of T] T 6 | 0.9|\Dg | 6684 
4 4 | 7/[ 0 Dp | 502 
1. 11.0] 21.0] 1.8] 0 S*/28 | 1330 

CC(28) = 0.227; CC(28)y = 0.246; CC(7) = 0.562; ¢ = 167.3° = 3.26 days 





Cycle 3 
1948 | Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat.| Sum | Avg. | SS | 3778 





1 | 




















11 Jan. 2 41 -9 1 8 2 64 9.1 | Dr 2406 
18 Jan. T T 2 4 4 3 14 27 3.9 | De 308 
25 Jan. T 7 9 0 1 9 12 38 5.4 | Dr 165 
1 Feb. T | TT: 6 23 | 26 2 10 67 | 9.6 | Dr 1933 
Sum 2 48 26 28 32 22 38 196 — |Dp 13 
Avg. 0.5 | 12.0 6.5 7.0 8.0 5.5 9.5 _ 7.0 | S*/28 | 1372 








CC(28) = 0.074; CC(28)z = 0.076; CC(7) = 0.206; ¢ = 132.5° = 2.58 days 








1948 | Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat. | Sum | Avg.| SS | 16,999 








| T 28 65 75 2 178 25.4 |Dr | 11,427 














8 Feb. | 2 6 

15 Feb. 0 0 0 0 1 3 15 19 2.7 |De 2160 

22 Feb 1 0 5 21 10 42 6 85 12.1. | Dr 1862 

29 Feb. 0 34 29 5 T 4 41, 113 | 16.1 | Dg | 7405 
Sum 3 40 34 54 76 | 124 64 395 — |Dp \ 1471 
Avg. 0.8} 10.0 8.5] 13.5! 19.0] 31.0} 16.0 _ | 14.1. | S*/28 i 5572 




















CC(28) = 0.359; CC(28)p = 0.382; CC(7) = 0.825; ¢ = 234° = 4.55 days 
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Taste 5-11 (continued) 
Cycle 5 


1948 | Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat. | Sum | Avg. | SS | 12,757 








| 
' ! + 
7Mer.} 2; Ti T 5 | 1°) T o! 41. 2.6 |Dr | 8506 
14Mar. 0 | 26 | 20 | T 2 | 41 1 | 9 | 129}De | 1609 
21 Mar. | 45 | 41 | 15 | T 0 | 67 9 | 177 | 25.3]Dp_ | 1942 
28 Mar.| T } 1 | 19 | 30 9] 1 T | 60 8.6|Dg | 4955 








Sum | 47 | 68 | 54 | 35 | 22 | 109 | 10 345 | — |Dp 5 
| 12.3 | s*/28 | 4251 


























Avg. | 11.8] 17.0; 13.5 8.8 5.5] 27.2 2.5 _ 
CC(28) = 0.024; CC(28)p = 0.028; CC(7) = 0.056; ¢ = 342° = 6.65 days 
Cycle 6 
1948 Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat. | Sum | Avg. | SS | 8074 
i | i ‘ ‘ : mA 
4 Apr. 0 | 14! 21 27 22; T 2 86 12.3. | Dr 5153 
11 Apr. 30 ; 56 35 13 ry st T 134 19.1 | De 1086 
18 Apr. i tens Cee 1 1 |, 2 7 1 12 1.7 | Dp 1138 
25 Apr. 8 | 6 | 20 2, 1 | 2 15 54 7.7 | Dg 2929 
Sum ! 38 76 77 43 | 25 9 ! 18 286 — |Dp 1038 
Avg. | 9.5| 19.0] 19.2] 10.8 6.2 2.2{ 45: — 10.2 | S*/28' 2921 
U ‘ ‘ 1 








CC(28) = 0.449; CC(28)z = 0.508; CC(7) = 0.731; = 81° = 1.58 days 





All Five Cycles Taken Together (140 Days) 


























Sum | 94 | 283 | 194 | 204 | 239 | 271 | 130 ; 1415 | — | SS {52,687 
Avg. | 4.7 | 14.2] 9.7] 10.2] 12.0] 13.6{ 65) — 10.1 |p, | 38,385 
CC(140) = 0.094; CC(140)z = 0.105; CC(7) = 0.478; ¢ = 169° = 3.30 days | Dc 1479 
Dr 7893 

Ds | 29,013 

Dp 338 

jS*/140} 14,302 





and the minimum, such as the rains on Tuesdays and Saturdays, for the data 
covered in Tables 4-III and 5-I. 

In February 1950 it was soon realized that, instead of using CC(7) as a meas- 
ure of the periodicity in the rainfall, it is usually better to use the correlation 
coefficient CC(28) between the actual rains on the 28 individual days during 
the cycle and the average calculated rains R,,,, for each day of the week, shown, 
for example, at the bottom of Table 4-III. For this purpose, if Eq. (2) is the 
definition of the correlation coefficient, we should place for the deviance 
D(x) under the square root sign not the deviance D,, for the sums of the 
columns C, but D,, the total deviance for all the 28 values of the rainfall 
during the cycle. 

In forming CC(28), one uses all 27 degrees of freedom in the 28 observations, 
whereas to form CC(7) from the seven sums, only 6 degrees of freedom are 
used. This entails a serious loss of information. 
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Calculation of Periodic Correlation Coefficients CC(7) and CC(28) for a 7-day 
Periodicity and its Harmonics 


To illustrate the calculation of the periodic correlation coefficients, let us 
take as an example the data given in Table 5-I for Cycle 6. It is shown that 
CC(7) = 0.928 and CC(28) = 0.579. This value of CC(28) is higher than 
for any of the other cycles in Table 5-I. These rainfall data for the Group 
A stations during Cycle 6 are repeated in Table 5-III to illustrate the method 
of calculation. 

Let us represent by X the rainfall observations listed in Section A of the 
table. We wish to measure the weekly periodicity in X. The first step is to 
obtain the sums of the seven columns indicated in the table by C. We then 
determine the correlation coefficient as defined by Eq. (2) between the 
values of C and the cosine of 6 and with the sine of 6, where 0 is the variable 
phase angle used as a measure of time expressed as a 360-degree phase angle 
for one week of time, so that one day corresponds to 51.43 degrees. We take 
the origin of time to be Sunday, a convention which we already used in Chapter 4. 
~ Let the sum of any set of values of X be represented by S(X), using S as 
a symbol of operation in place of the conventional Greek capital sigma. Simi- 
larly, the sums of the squares of a set of numbers are denoted by the symbol SS. 
For example, the sums of the squares of all the 28 values of X would be SS(X) 
or S(X?), - 

Let N be the total number of observations in a series of data—for example, 
N = 28 for the data of Table 5-III. The deviations of each of the individual 
values from the sum of all of them we represent by x. Thus, we have 

x = X—S|N, (5-1) 
where S is used as an abbreviation for S(X). 

Let Y represent N sets of values of another variable which may be correl- 
ated with X. Then, according to the usual definition, [see Eq. (4-1)], the 
correlation coefficient CC(X, Y) between the two variables X and Y is defined 
b 

: CC(X, Y) = S(xy) [SS(x) SS(y)}>". (5-2) 


In Table 5-III, Section B, there are listed for each of the seven days of the 
week the values of cos @ and sin @ in the first two lines. Below that come the 
values that are used in calculating the other harmonics corresponding to cos 26, 
etc. These values are taken from tables of trigonometric functions for the 
angles of 6 and successive multiples of 51.43 degrees. 

We now want the correlation coefficients between X and cos @ or sin@. 
These values of cos @ or sin @ may be represented by Y. In general, we will 
need two correlation coefficients, one for cos @ and the other for sin. For 
evenly spaced values of 6, such as those that we have been using in Tables 
4-III and 5-I, we find for both cos 6 and sin 6 that S(Y) equals 0 and, therefore, 
by Eq. (5-1), Y=y. 


16° 
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Tasie S-III 


Calculation of Periodic Correlation Coefficients CC(7) and CC(28) for the 
Weekly Periodicity and its Harmonics 


(Data from Table 5-I, Rainfall at Group A Stations, Cycle 6, 1949-1950) 






























































SECTION A 
s|M|T |wi|T|F|s/]R SS 9011 
| | oe SYN 3066 
a | s9 | 37 | 21/0 | o | 1 | 120 Dr 5045 
11 16 4} 1} 2] 0] 0j 34 GSC rrr 
0 0 5 |11 | 1 | 0} 21] 19 SYN 5066 
26 37 | 22 | 0 | 0 | 14 | 21 | 120 De a 
C= 58| 112 | 68 | 4 | 3 | 14 | 24 | 293 (1/7)SR* 4331 
StIN 3066 
Dr 1265 
SECTION B 
s M | T | wil! T F | s Sum 
| | | 
cos 6 | 1.000 0.623 | —0.222 | —0.901 | —0.901 | —0.222 | 0.623 0 
sin 0 | 0 0.782 | 0.975 | 0.434 | —0.434 | —0.975 | —0.782 0 
cos 26 | 1.000 |. —0.222 | —0.901 | 0.623 | 0.623 | —0.901 | —0.222 0 
sin 20 | 0 0.975 | —0.434 | 0.782 | 0.782 | 0.434 | —0.975 0 
cos 36 | 1.000 | —0.901 | 0.623 | —0.222 | —0,222 | 0.623 | —0.901 0 
sin 30 | 0 0.434 | —0.722 | --0.975 | —0.975 | 0.782 | —0.434 | 0 
| 
SECTION C 
P(C.) | . P(Cs) 
c Ss Diff. 
| ay er ees ; sin 0 sin 26 | sin 36 
58 58 1.000 | 1.000 | 1.000 | — 0 0 0 
112 + 24 136 0.623 |—0.222 '|—0.901 | 88 | 0.782 0.975 | 0.434 
68 14 82 |—0.222 |—0.901 | 0.623 | 54 | 0.975 |—0.434 | —0.782 
14 3 17 |—0.901 | 0.623 |—0.222 | 11 | 0.434 |—0.782 | 0.975 
Sp Sp=+109.21  -35.48  -17.22 +126.24 53.76 6.58 
SECTION D 
i coy CC(28 
Period, Dp Au 'C(7) (28) @ | Days 
Days | Square | Square | Degrees | 
} | i \ 
e |7 | 19902 | 119) 0.928 | 0.8612 | 0.579 | 03348 | 49.2 | 0.96 
26 | 7/2 296.4 | 4.61 0.358 | 0.1282 | 0.223 | 0.0500 | 123.4 | 1.20 
30 | 7/3 24.4 | 1.3} 0.103 | 0.0106 | 0.064 | 0.0041 | 3378 | 2.19 
Sum | 2311.0 : | 0.3889 


1.0000 








Go gle JNIVER if: 


Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 24S 


Because of the relationship 
cos? 6+ sin? 6 = 1, (5-3) 
and the fact that the values of 9 are evenly spaced, it follows that the average 
values of cos*@ and sin*@ are 1/2. Therefore, for correlation with either the 
cosine or the sine, we have 
SS(Y) = N/2, (5-4) 


or, if N = 28 as it does in Table 5-III, SS(Y) = 14. 

Much labor may be saved by omitting the calculation of the values of x 
and by getting SS(x) and SS(xy), which occur in Eq. (5-2), directly by 
equations: 

SS(x) = SS(X)—S?/N, (5-5) 

SS(xy) = S(XY)—S(X)-S(Y)IN, (5-6) 
where S as before is used as an abbreviation for S(X). Equation (5-6) is ap- 
plicable even for cases where S(Y) is not 0. In the present case, however, 
where Y = cos 6 or sin6, we have S(Y) = 0 and, therefore, SS(xy) is the 
same as S(XY). 

To obtain the correlation coefficient CC(7) by Eq. (5-2), we shall need 
to calculate SS(x) by Eq. (5-5) from SS = 9011, the sum of the squares of 
the entries for the 28 days in Section A of Table 5-III, as shown at the right- 
hand margin of the table. The correction S?/N which occurs in Eq. (5-5) is 
(293)*/28 = 3066. Subtracting this from SS, in accord with Eq. (5-5), we 
obtzin the value of SS(x). This sum of the squares of the deviations of all 
the rainfall values from their mean is called the total deviance and is repre- 
sented by D,. Its value has been entered at the right-hand margin of Table 
5-III and also in Table 5-I under Cycle 6. 

To calculate the sum of the products, S(x cos 6) and the corresponding 
values S(x sin 6), we do not need the individual 28 rainfall values in Table 
5-III but only the sums of the columns, C, as given in Section A of the table. 

The caclulation of the products in Section C is facilitated by noting that 
the second, third, and fourth values of the cosine terms are the same as the 
seventh, sixth, and fifth. For the sine terms, the second set of terms—that 
is, the seventh, sixth, and fifth—are the same as the second, third, and fourth, 
except that the sign is reversed. Thus, we may combine the C terms by listing 
the first four in a column going down and the next three in another column 
going up. Then corresponding entries in the two columns are added for the 
calculation of the cosine terms and subtracted for the sine terms. The sum 
of the products, which we may represent by S,, is +109.21 for the cosine 
terms and +126.24 for the sine terms. 

From these values of S, for the cosine and sine terms, we could now obtain 
two values of CC(28) corresponding to the correlation with the cos @ and 
sin @. But since these are essentially vectors at right angles to one another, 
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it is more convenient to combine the two components by forming the sum 
of the squares of the two values of S, for the cosine and sine terms. This quantity 
we may call S(S,)%. By Eq. (5-4), we place SS(y) = 14 in Eq. (5-2). The 
quantity (1/14)S(S,)* may be called the periodic deviance represented by 
D,. Thus we have 

D, = (1/14)S(S,)? = 1990.2, (5-7) 


as shown in Section D of Table 5-III. 
If r represents a periodic correlation coefficient, then r* may be regarded 
as the ratio of two deviances. Thus, in general, we put 


= D,|D. (5-8) 


This equation can be readily deduced from Eq. (5-2). If in Eq. (5-8) we put, 
for D, the value D, (the deviance corresponding to the 28 days), we obtain 
r* = 0.3348 for the square of CC(28), and therefore CC(28) = 0.579, which 
is the square root of D,/D,. : 

The phase ¢ of the periodic component of the rainfall is given by 

tan @ = S(x sin 6)/S(x cos 6) = S,,/S,,, (5-9) 
where S,, is the sine term of the product S,, which is + 126.24, and S,, 
is +109.21. Thus, tan 6 = +1.156. 

There is an ambiguity in Eq. (5-9) because the tangent of an angle is not 
changed if 180 degrees is added to the angle. This difficulty is removed, how- 
ever, if we first calculate @ as a positive or negative angle less than 90 degrees 
and then add 360 degrees if the angle is negative and S,, is positive, but add 
only 180 degrees if S,, is negative. 

The correlation coefficient CC(7) is based on the seven values of C, 
multiplying these as before by cos @ and by sin 0. However, if we have already 
determined D,, we can use Eq. (5-8) by putting for D the deviance Dg, for the 
columns C. The calculation is illustrated on the right-hand side of Section 
A of Table 5-III. We first form SC? by taking the sums of the squares of all 
the seven C values and then dividing this sum by 4, since each value of C is 
obtained by adding the observations of 4 weeks of rain. We now subtract 
the value S?/N and obtain D, = 2311. The square of CC(7) is thus D,/D, 
=1990.2/2311 = 0.8612, and therefore the value of CC(7) is 0.928. 

The calculation of CC(7) for the 7-day periodicity has given us two quanti- 
ties: namely, the correlation coefficient and the phase angle. This has used 
up two of the six degrees of freedom available in the seven values of C. 

It is possible to make similar calculations for two other frequencies. This 
is illustrated in Table 5-III by calculating the periodic correlation coefficients 
for frequencies twice as high and three times as high as that of the 7-day peri- 
odicity. In other words, instead of using the cosine and sine terms, we can 
use the values of cos 26 and sin 26 and cos 36 and sin 36. The table illustrates 
how these computations are similar to those involved in the 7-day periodicity. 
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The values of cos 2@ and sin 26 listed in Section B of the table are readily 
obtained from those of cos @ and sin@ by omitting alternate ones—that is, 
starting out on Sunday, we take every second day going around in cyclic order 
until we have used up the seven values. Similarly, the cos 30 and sin 30 values 
are obtained by taking every third term in the series for cos 0, etc. 

The products P(C,) and P(C,) for the three harmonics are given in Section 
C, and the sums S, are calculated as for the first harmonic. In Section D 
of the table, the sum of the squares of the CC(7) values for the three harmonics 
add up exactly to unity. Thus, the sum of the three values of D, for the three 
harmonics is 2311, which is equal to Dz, as listed in Section A of the table. 

Although 86 per cent of the deviance D, of the columns is represented 
by D,, the 7-day periodic component of the deviance, we find that this com- 
ponent is only 33.5 per cent of the total deviance D,. This reflects the fact 
that the original 28 observations contain 27 degrees of freedom, which are 
sufficient to determine the coefficients of 14 harmonics, since each harmonic 
uses two (except the fourteenth harmonic, which has no sine component). 


General Considerations Regarding Harmonic Analysis of Periodic 
Rainfall Data 


The detection of significant periodicities of unknown frequencies in meteoro- 
logical elements is recognized as a problem of great difficulty. V. Conrad 
and L. W. Pollak, in their book, Methods in Climatology (Harvard Univer- 
sity Press, 1950), have three chapters—a total of 84 pages—devoted to perio- 
dography. The first of these chapters, which deals with hidden periodicities, 
contains the statement (p. 369): 


“The analysis of functions containing periodic components whose period, 
or frequency, amplitude and phase angle, and the number of whose periods 
are unknown is called generally the determination of hidden periodicities. 
It is a problem that has hitherto not been solved and possibly does not admit 
a solution.” 

In the second chapter, it is recognized that the problem becomes much 
easier if the presence of a definite period can be presupposed. 

The test of the significance of a trial period is made by harmonic analysis, 
measuring the degree to which the periodicity fits a given set of observed 
data. An equation is developed for calculating the probability of chance oc- 
currence of a given degree of fit for any one frequency chosen at random. 


“If, however, as is usual in periodogram analysis, the constants of the equa- 
tions are computed for a number of frequencies and the frequency with 
the largest probability is selected from 100 independent trial periods, the 
expectancy of getting a fit is increased 100-fold.”—(p. 391). 


L. W. Pollak pointed out in 1927 that the results obtained by Schuster’s 
periodogram method are not at all encouraging (p. 411). 
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‘Apart from the daily and annual periods of meteorological elements, 
the physical reality of which is evident, up to the present it has not been 
possible to prove by Schuster’s method and his criterion that a single meteo- 
rological period is significant. 

“Various reasons are advanced for the failure of periodogram (Fourier) 
analysis to bring out any periods, particularly periods of a few days or 
weeks; for example, persistent periodicities do not exist in meteorological 
phenomena at all; they exist, but the data for proving them purely by 
Schuster’s statistical criterion are still too few. Periodicities in meteoro- 
logical phenomena are not sufficiently persistent that the assumptions 
underlying Schuster’s method are fulfilled. The lack of persistence may 
be due to variability in the wave lengths; but more important is the fact 
that frequently an oscillation appears for a time, dies out, and later appears 
with a different phase.” 


In the last of the three chapters, more modern methods of detecting and 
studying periodicities are described, involving the use of autocorrelation, 
but still no example is cited in which it has been proved that any other meteoro- 
logical periodicities are real. 

In the attempt to evaluate the effect produced by periodic seedirc, the 
problem is greatly simplified. The seedings were made for the sole purpose 
of introducing into the rainfall and other synoptic weather elements of a 7-day 
periodicity, and the phase was maintained constant for many months at a time. 
However, because of the omission of seedings at regular intervals un certain 
weeks in the successive 28-day cycles, we may expect to be able to detect 
induced frequencies that are harmonics of a 28-day cycle. The 7-day periodi- 
city thus has four times the frequency of the fundamental 28-day frequency. 
In this case, there is no need of exploring the effects of modifying the fre- 
quency, or of looking for any frequency in the meteorological phenomena 
other than the 28-day periodicity and its harmonics, particularly the fourth 
harmonic or the 7-day periodicity. 

Since the fundamental frequency was fixed by the seeding schedule, we 
may use in the analysis the familiar Fourier series by which the rainfall can 
be expressed in terms of the equation: 

X = A,+A, cos @ +B, sin 6 
+A, cos 20+-B, sin 26 (5-10) 
+A; cos 36 ... etc. 

We wish to apply this equation to determine the coefficients Ay, A,, By 
A,, B,, etc., from data taken at regular intervals, particularly for the case where 
one observation is taken on each successive day at the same hour. Therefore, 
for a cycle of 28 days, we have 28 observations. Now, let N be the number 
of days covered by the cycle, such as 28 days or 7 days. Since we are dealing 
with a finite set of observations, we can determine only as many coefficients 
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as we have observations. Thus, if N = 28, the maximum number of coef- 
ficients A and B is 28. The first term Ay is the average of the rainfall observa- 
tions, and the remainder of the A and B terms represent the periodicity in 
terms of its fundamental and harmonics. The subscript 1, 2, or 3, etc., for 
the coefficients A,, B,, etc., we may call the harmonic index and represent 
by ny. 

If N is an odd number—7, for example—then N—1 may be divided by 2. 
There are then (N—1)/2 pairs of harmonic terms A and B. If N =7, the 
harmonic index can have only the values 1, 2, and 3. The last of the harmonics 
has a period in days equal to 2N/(N—1) = 242/(N—1). Thus, when N = 7, 
the shortest period is 2—1/3 days. 

If, however, N is an even number, such as 28, then N—1 is not divisible 
by 2. Therefore, only (N—2)/2 pairs of harmonics having both A and B coef- 
ficients can be found, but there is one degree of freedom left over; so that 
for the next harmonic, which has a harmonic index of N/2, only one of the 
two values of A or B can be determined from the observations. For this harmonic, 
which has a 2.00-day period, the cosine values on successive days alternate 
between +1 and —1, but each sine value is zero. For this harmonic, the pro- 
duct term P(C,) = 0. The harmonic index for the last pair of A, B values 
is 13; and, therefore, the period corresponding to this harmonic is 28/13. 
= 2,154 days. For the harmonic of index n, = 14, there is a determinable 
value of Ay, but By, = 0. 

If we let Ay, be the amplitude of the periodic component of the rainfall, 
then for each harmonic we find that 


Aj? = A*+B* = 2D, /N. (5-11) 
The calculated value of X, therefore (considering only the 7-day periodicity), 
is given by the regression equation: 

X = A,+Ay cos(6—¢), (5-12) 
where @ is the variable phase angle that varies with time and ¢ is the phase 
corresponding to maximum amplitude, given by 

tan ¢ = B/A. (5-13) 


There is a similar equation for each of the harmonics. 

In Table 5-III, the values of the amplitude A, for the 7-day, the 7/2-day, 
and the 7/3-day periodicities are given, the unit being the same as that for 
the data in the table, viz. hundredths of an inch per station-day. 

The amplitude for the 7-day periodicity is 11.9; it falls to 4.6 for the 7/2 
period and to 1.3 for the 7/3 period. The outstandingly high value for the 7-day 
period supports the hypothesis that silver iodide is influencing the periodicity 
in the weather at the Group A stations. 

The magnitudes of the periodic correlation coefficients and the correspond- 
ing periodic deviances D, depend, of course, on the serial order of the rainfall 
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data. If the values were shuffled and allocated to randomly chosen cells in 
the 28-place grid, we would expect the mean square of the value of CC(7) 
to be 1/3 for each of the 3 harmonics that can be derivable from C, the sums 
of the columns. Actually, the value of r* = 0.861 for the 7-day period is 2.6 
times as great as this expected value. 

For CC(28) in Table 5-III, the sum of three r* values is 0.3889. The sum 
of the squares of the CC(7) values for the three harmonics is unity, but they 
are by no means equal. 

The square of CC(28) for the 7-day period is 0.3348. The difference between 
this and unity, or 0.6652, must be the sum of r* for all the other 12.5 harmonics, 
or an average of only 0.6652/12.5 or 0.053, per harmonic. The periodic de- 
viance corresponding to the 7-day periodicity is 6.5 times as great as the average 
of the remaining harmonics. 

This approach to the problem was beginning to be worked out in the spring 
of 1950. It was realized, however, that it is hardly likely that in meteorological 
phenomena the normal distributions of the r* values among the different 
harmonics would be as simple as that of shuffled data. There would pre- 
sumably be some tendency for the values of r* to be less for the higher harmonics. 
This is already suggested by the data of Table 5-III insofar as the value of 
7° is very much less for the 7/3-day period than for the 7/2-period. Only in 
October 1950 was the Fisher variance analysis employed to get a clearer picture 
of the significance associated with these observed periodic deviances. 


Clyde W. Harris’ Calculations of the Periodic Correlation Coefficients for 
Seven Harmonics from Rainfall Data of Group A Stations for 
Cycles 2 to 6 


During the spring and early summer of 1950, Clyde W. Harris volunteered 
at the New Mexico School of Mines to undertake a harmonic analysis of the 
data of the rainfall at the 20 Group A stations for Cycles 2 to 6. Since he used _. 
the sums of the rainfall at 20 stations, his data were 20 times greater than 
those shown in Table 5-I. 

Table 5-IV gives the results of Harris’ harmonic analysis of rainfall data 
at Group A stations during Cycles 2 to 6. He carried through operations like 
those shown in Table 5-III, obtaining correlation coefficients CC(28) for 
seven different values of the harmonic index n,, viz. 1, 2, 3, 4, 6, 8, and 12, 
based on a fundamental period of 28 days; so that m, = 1 corresponds to 
a 28-day period, and n, = 2 is the 14-day period. These are different values 
of n, from those we used in Table 5-III. The 7, 7/2, and 7/3-day periods 
thus correspond to nz = 4,8, and 12. The values tabulated are 10* times the 
square of CC(28). As in the other table, the sums of the horizontal rows are 
given at the right under the heading R,,,, and the sums of the columns are 
given below the columns under the designation C. 
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TaB.e 5-IV 


Harmonic Analysis of Rainfall Data at Group A Stations during Periodic 
Seeding—Cycles 2 to 6 


(Data are from a report by C. W. Harris, 18 July 1950) 





















































Values of 10*, 
Harmonic | period where r= CC(28) Sums 
index days, |———,—_——_— 
ng Cycle ¥ 
R, Diff. 
2 3 4 5 6 | Rove | Reato | ; 
1 28 167 21 124 6 | 267 | 585 | 600 | —15 
2 14 239 210 107 | 169 | -10 | 735 | S10 | +225 
3 9.33 6 73 32 52 | 118 | 281 | 455 | —174 
4 7.00 150 95 266 | 177 | 335 | 1023 | 390 | +633 
6 4.67 131 3 170 | 127 30 | 461 | 296 | +165 
8 | 3.50 6 11 4 56 so | 127 | 226 | — 99 
12 2.33 15 104 5 44 1 | 169 | 131 | + 38 
Sum, C 714 517 | 708 | 631 | si1 | 338 | 2608 773 
Deviance, Dr [17,720 | 12,850 | 8340 | 8720 | 5880 | 
_ 7 - 
SS 607,125 | (1/S)SR*) 453,030 | (1/7)SC*) 333,461 
S/N | 326,604 | S*/N 326,604 | S*/N 326,604 
Dr 280,521 | Dr 126,426 | De 6857 





Regression Equation, omitting 4th harmonic (my = 4): 
logieReatlc = 2.83—0.059ng 

The fit between observed and calculated values of R is indicated by: 
CC(6) = +0.807 SF = 20. 


The outstanding feature of the table is the high value, R,,, = 1023, for 
the 7-day period: that is, for n, = 4. This is to be compared with the values 
for the other periodicities. If we omit the harmonic of index 4, we find a ge- 
neral tendency for the values of R,,, to decrease with increasing n,,. By empiric- 
ally plotting the values on semi-log paper—that is, by plotting the values 
of log R against n,—the points were found to lie along a nearly straight line. 
By the method of least squares, the coefficients of the regression equation 
were obtained, and are shown at the foot of the table. In the next-to-last column 
are the values of R,,;, calculated by this equation. The last column contains 
the differences between the R,,, and Ria: 

The correlation coefficient between the six values of R,y, and Rj, was 
+0.807. According to methods that will be described later, this corresponds 
to a significance factor of 20. There is thus a real tendency for the values of 
R to decrease as n increases. The residues in the last column no longer show 
any significant distribution with respect to the harmonics. The irregularities 
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are no more than are to be expected from the variance of the r* values given 
in the main body of the table. 

For the case of n, = 4, the value of the difference, 633, is extremely high 
compared with the others. It is about four times the standard deviation obtained 
from the other six values. It would, therefore, appear that the high value of 
r* for the 7-day period is extremely significant. 

Table 5-V contains the phases for each of the harmonics that were consider- 
ed in Table 5-IV. In each case, except the values of the first row, only the 
first phase value in days is given. Others may be obtained by adding multiples 
of the periodicity in days. For example, in Cycle 2, for the harmonic of index 
n, = 3, the maxima in rainfall occurred at 4.51, at 13.84, and at 23.17 days. 


TasBLe 5-V 


Harris Data for the Phase Angles @ for Seven Harmonics 
(Rainfall Data of Group A, Cycles 2 to 6) 



































: Cycle: 
ero Period 2 3 4 5 6 
days 
mH Deg. | Days | Deg. | Days | Deg. | Days | Deg. | Days | Deg. | Days 
1 28 327 | 25.41 | 329 | 25.57 86 | 6.66 | 122 | 9.46 | 344 | 26.72 
2 14 272 |10.57 | 132 | 5.14] 148 | 5.76] 178 | 6.92 15 | 0.58 
3 9.33 174 | 4.51 | 183 | 4.75 | 264 | 6.85 | 199 | 5.15 46 1.19 
4 7.00 86 | 1.66 | 153 | 2.98 | 107 | 2.07 17 | 0.32 50 | 0.97 
6 4.67 52 | 0.67 33 | 0.43 | 262 | 3.40 | 194 | 2.52] 204 | 2.65 
8 3.50 18 | 0.18 78 | 0.76 | 224 | 2.18 59 | 0.58 | 133 1.29 
12 2.33 51 0.33 | 326 | 2.11 73 | 0.47 | 142 | 0.92] 210 | 1.36 
\ 

















In Table 5-IV the row of data marked D, on the line below the sums of 
the columns C are the total deviances obtained from the rainfall data of the 
28 days in each of the cycles. The units used, as in Tables 5-I and 5-II, are 
hundredths of an inch per station-day. These values are directly comparable 
with the values of D, at the right-hand margin of Table 5-I. The small numer- 
ical differences are due to the rounding off of the rainfall data in Table 5-I 
to two significant figures, whereas Harris used three significant figures for 
the rainfall data. The differences are all less than one per cent. 

From these data of D,, by multiplying by the values of 7*, we can obtain 
the periodic deviances D, for each of the harmonics considered in Table 
5-IV. We shall use these in later analyses of the significance of these data. 
It may be noted that the sums of the columns C do not differ greatly from 
one another: that is, the ratio between the highest and the lowest values is 
1.56, whereas for the D, values the ratio is 3.0. The reason that the C values 
vary so little is that the sum of all the r? values for each cycle must add up 
to unity, or, in terms of the values tabulated, to 1000. The difference between 
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1000 and the listed value of C represents the sum of the values for the other 
harmonics that were not determined by Harris: that is, the harmonics cor- 
responding to nz = 5, 7, 9, 10, 11, 13, and 14. The average value of 10** for 
these unlisted harmonics is 50, whereas the average of all those given in Table 
5-IV is 97—almost twice as great. Since the higher harmonics are predominant 
in the unlisted values, this is another indication of the gradual falling off of 
the values of r* among the higher harmonics. 

During the summer and the early autumn of 1950, studies of the periodi- 
cities and the phases of rainfall during Cycles 2 to 6 continued, with increasing 
emphasis on the distribution of the weekly periodicity over other areas than 
those covered by Group A and the northeastern states. The values of CC(7) 
and CC(28) and the phases were determined for the cycles separately, and 
frequently the cycles were combined into groups—as, for example, in Tables 
4-VI, 5-I, and 5-II. 

It was realized that the skewness and other characteristics of the rainfall 
distribution might complicate the interpretation of the rainfall data; and, 
therefore, many studies were made of different methods of handling the data. 
For example, trials were made of counting the number of days of rain having 
more than 0.1 inch; the method has already been illustrated in the analysis 
of Table 5-IV. We shall consider later the various methods that were employed 
to investigate the effect of the skewness of the rainfall distribution. At the 
time, there was much doubt as to the proper method to use in estimating the 
significance factor corresponding to various values of the periodic correlation 
coefficients. 

The data obtained from these studies during the summer and the autumn 
of 1950 were presented at a meeting of the National Academy of Sciences 
on 12 October 1950. After this meeting, Drs. H. G. Pfeiffer and E. W. Balis 
of the General Electric Research Laboratory called the attention of the writer 
to the Fisher method of using the F-test, which depends on the ratio between 
two independent estimates of the variances. They pointed out that this Fisher 
test should be applicable to the study of the periodic rainfalls. They made 
a preliminary test of the data that are contained in Tables 5-I and 5-II, deter- 
mining the values of the variance associated with the columns that we have 
listed in the tables as D,. They found in this way that the significance factor 
SF—that is, the reciprocal of the probability determined by the Fisher 
theory—was 113 for the data of Table 5-I during the seeding cycles, whereas 
it was 2.0 for the nonseeding cycles covered by Table 5-II. Thus, there is 
no significant variance of the C values among the columns for the nonseeding 
cycles, but the odds are about 100:1 that there is a real relationship between 
the columns and the days of the week in the case of the seeding cycles of 
Table 5-I. 

Before presenting the data that were acquired in the summer of 1950 on 
the rainfall periodicities in different areas, it seemed preferable to give cor- 
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rectly the values of the significance factors that were first available after October 
1950. In general, the conclusions that were drawn from the early work before 
the reading of the October paper have not been changed in any essential re- 
spect by the application of improved methods of calculating the significance 
factors. 


Calculation of the Significance Factors, SF, by the Fisher Method 
of the Analysis of Variance Ratios 


The essence of the Fisher methods is that the deviances associated with 
different groupings of data can be divided into different components because 
of an additive relationship that exists between deviances. 

Let us take the data in Table 5-III as an example. The general method 
of variance analysis is that described in Chapter 5 of the book by Owen L. 
Davies, Statistical Methods in Research and Production, published by Oliver 
and Boyd, London, 1949 (see particularly page 107). In the second section 
of this chapter, it was shown how the total deviance D, can be calculated by 
Eq. (5-5) from the sums of the squares of all the rainfall data in Table 5-III 
and from the value of S*?/N, where S is the total sum S = 293. Similarly, 
it was shown (on page 12) that the deviance D, can be calculated from the 
values of C; but in this case, since each value of C is the sum of four obser- 
vations, we must take (1/4)SC* and subtract from it S*/N in order to get D,. 

A similar calculation can be made from the R values as indicated in the 
right-hand margin of the table: that is, since each R is the sum of 7 obser- 
vations, we obtain (1/7)SR* and subtract from it S*N, as before, in order 
to get the deviance Dp due to the rows. 

The object of a variance analysis is to test a null hypothesis. According 
to this hypothesis, the rainfall data are distributed at random just as if they 
had been shuffled before being placed in the 28 positions in the table. We 
can make various estimates of the variance by choosing different groupings 
of the numbers and then for each group determining the deviance. For example, 
one way of calculating the variance is to divide the total value D, by d,=27, 
the total degrees of freedom, which gives a variance of 220. However, we 
could estimate the variance by dividing the deviance due to the rows D; 
= 1265 by d, = 3, the number of degrees of freedom involved in the rows, 
giving a variance, as indicated in Table 5-VI, of 422. Similarly, from the 
columns, one obtains an estimate of the variance of 385. 

If the null hypothesis is satisfied, then we would expect all three of these 
values of variance to be essentially equal. Because of the additive properties 
of deviances, the total deviance D, must be greater than the sum of any inde- 
pendent deviances obtained from the data. For example, the sum of the deviances 
due to the rows and the columns must be less than D,; and the residue, which 
is given in the table as D,, corresponds to the deviance due to the experimental 
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Taste 5-VI 
Variance Analysis of Rainfall Data from Table 5-III for Group A Stations 
during Cycle 6 
| 
Deviance By Fedocs Variance | F-ratio | SF 
Total, Dp = 5945 27 220 _ _ 
Rows, Dr = 1265 3 422 3.20 21 
Columns, Dc = 2311 6 385 2.93 30 
“Error”, Dg = 2369 18 131.6 (1.00) _ 





errors or any other undetected relationship between the observational data. 
This means then that D, is obtained by subtracting from D, the values of 
D, and D,. Because of a similar additive relationship for the degrees of freedom, 
we obtain d,, the residual degrees of freedom corresponding to D,, by sub- 
tracting the 3 and 6 from 27. By dividing D, = 2369 by 18 we obtain the 
variance of 131.6, corresponding to the errors. 

According to the Fisher theory, the F number (named after Fisher) is 
obtained as the ratio of the variances to the residual variances. Thus, the va- 
riance for the rows is 3.20 times as great as the variance due to the errors. 
Similarly, the variance of the columns is 2.39 times that of the errors. The 
number of degrees of freedom, 27, for the deviance D, is one less than the 
number of observations, because the deviances are calculated by taking only 
the differences between the observations and their mean value. The mean 
value can be obtained from S, the sum of all of them, or 293 divided by 28 
= 10.4. Similarly, the variance due to the rows is based upon three degrees 
of freedom, one less than the number of separate weeks in the 28 days. For 
the seven columns corresponding to the days of the week, there are six degrees 
of freedom. 

Modern books on statistics (such as Davies’ book, Statistical Methods 
in Research and Production) give tables of the F-ratio for given percentage 
points (probability) in terms of the number of degrees of freedom, which 
we may represent by d, and d,, used in calculating the variance for the numer- 
ator and the denominator of the variance ratios. This probability is a measure 
of the chance that an F value as high as that specified should occur from a set 
of random numbers such as those that are supposed to represent the residual 
deviance corresponding to D,. If F is close to one, the null hypothesis is verified 
and the data show nothing more than chance fluctuations of random numbers. 
Extensive tables of the F-distribution have been published by Merrington 
and Thompson, giving F to five significant figures [Biometrika, 33, 73 
(1943)] for values of probability P corresponding to 0.5, 0.25, 0.1, 0.05, 0.025, 
0.01, and 0.005. 

In dealing with periodicities in the weather, it will be more convenient 
to measure the significance of the data in terms of a significance factor SF, 
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which we may define as the reciprocal of the probability given in tables of 
the Fisher F-destribution. Thus, Merrington and Thompson’s tables are 
limited to significance factors that range from 2 to 200. In analyzing the 1950 
rainfall data, we often find F values far outside the range covered by these 
tables. 

In general, books on statistics contain such statements as these: values 
of F corresponding to a probability less than 0.1 are significant; those values 
corresponding to a probability less than 0.01 are highly significant, and those 
for a probability less than 0.005 and 0.001 are so highly significant that they 
border on certainty. 

The values of F that we found in Table 5-VI lie within the range covered 
by the Merrington and Thompson tables, and thus we find by interpolation 
the values of SS given in the last column. The SF for the rows is 21 and for 
the columns is 30. Thus, for the distribution of the C values among the columns, 
there is a 30:1 chance that it is not a random distribution but that there is 
some cause for the differences between the rainfall on the different days of 
the week. 

Furthermore, the differences between the rainfall for the four weeks is 
also not a random distribution. According to Table 5-III, there was six times 
as much rain in the first and in the fourth week as in the third week, and the 
chances are 21:1 that such large differences between weeks are not due to 
chance fluctuations. 

There are many other ways in which these data can be grouped. In our 
discussion of the data of Table 5-III, we have applied Eq. (5-7) to calculate the 
periodic deviance D, and have shown how this value can be calculated for 
each of the three harmonics of the week. Let us consider, for the present, 
merely the value of D, for the weekly periodicity. In Table 5-III we found 
that D, = 1990, as indicated also on the right-hand margin of Table 5-I 
for Cycle 6. 


Tasie 5-VII 
Variance Analysis for 7-day Periodicity from the Data of Table 5-III 




















Deviance Raps are Variance | F-ratio SF 
Dr = 5945 27 

Dp = 1990 2 995 6.29 162 
Dg = 3955 25 158.2 (1.00) 





CC(28) = y/1190/5945 = 7/0.3347 = 0.579 


The significance factor, SF = 162, is obtained from the tables of the F-di- 
stribution for the case d, = 2, for the degrees of freedom corresponding to 
the periodicity, and for d, = 25, corresponding to the residual deviance D,. 
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A convenient empirical method of interpolating and extrapolating the 
values of the relationship between SF and F is to plot on double log paper 
the values of F as abscissas and log SF as ordinates. This is equivalent to plot- 
ting the logarithm of log SF on ordinary plotting paper against the logarithm 
of F. When the data for any given values of d, and d, are plotted in this way, 
the points are found to lie on a very nearly straight line. This greatly facilitates 
interpolation and justifies extrapolation to considerably higher values of SF 
than are given in the tables. 

The general equation on which F-calculations are based is given on page 73 
of the article by Merrington and Thompson. It is a very complicated equation, 
which usually requires an integration that can be performed only numeric- 
ally. However, for the case that d, = 2, the equation assumes a form that 
permits easy integration. It is fortunate that this case, d, = 2, is just what 
we need to evaluate the significance factors for our periodic correlation coef- 
ficients such as CC(28) and CC(7). Thus, when d, = 2, we have the exact 
equation: 

SF = (1+ F/m)", (5-14) 
where 


m= d,|dy. (5-15) 


This equation can be derived directly from the equation given by Mer- 
rington and Thompson, and it is found to check exactly with all the numerical 
values in the table for which d, = 2. In order to calculate SF from the data 
of Table 5-VII, we put d, = 25 for the degrees of freedom of the residue 
and d, = 2 for the periodicity, so that we obtain m = 12.5 by Eq. (5-15). 
Equation (5-14) becomes: 


SF = (146,.29/12.5)*5 = (1.503)*5 = 162 (5-16) 


This calculated value of SF can be obtained from the equation more quickly 
with a log-log slide rule than by interpolation of the data in tables of F. 
The value of CC(28) given under Table 5-VII is obtained by Eq. (5-8) 
from the square root of the ratio of the deviances D,/D,, as we have already 
shown in the analysis of Table 5-III. An inspection of the variance analysis 
in Table 5-VII indicates that the variance ratio F is given by the equation: 


F = mr‘[(1—1). (5-17) 


The significance factor for a given correlation coefficient r is obtained by in- 
serting the value F from Eq. (5-17) into Eq. (5-14), which then becomes: 


SF = (1—r)-™ (5-18) 


If we introduce the value of r? = 0.3347 from the square of CC(28) at the 
bottom of Table 5-VII, we again obtain from Eq. (5-18) SF = 162, the same 
as from Eq. (5-14). 


17 Langmuir Memorial Volume XI 
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The value SF = 162 given by the 7-day periodicity in Table 5-VII is con- 
siderably higher than the value SF = 30, obtained in Table 5-VI from an 
analysis of D,, the deviance due to the columns. The deviance D, = 1930 
is only a part of the deviance D, = 2311 in Table 5-VI, and corresponds 
to only two of the six degrees of freedom. We have already seen in Table 5-III 
that the other four degrees of freedom in D, enable us to calculate the am- 
plitudes and phases of the 7/2 and 7/3-day harmonics of the weekly periodicity. 
It is just this concentration of the deviance into the 7-day period that increases 
the significance factor from 30 in Table 5-VI to 162 in Table 5-VII. A variance 
analysis can also be made within the columns (see Table 5-VIII). The calcul- 
ation of the significance factors, either from F or r, is thus made by Eq. (5-14) 
or Eq. (5-18) by using the value m = 2, the ratio between the degrees of free- 
dom for D, and D,. 

In the variance analysis of Table 5-VI, the significance factors for the 
rows and columns were calculated by determining a residual deviance D,, 
which was obtained from the total D, by subtracting both D, and D,. It 


Taste 5-VIII 


Variance Analysis within the Columns 

















Deviance Py freedom Variance | F-ratio SF 
De = 2311 | 6 | 
Dp = 1990 | 2 99s | 124 | 52 
Dg = 321 4 80.2 | (1.0) 








SF = (1412.4/2)" = 52 
CC(7) = ¥1990/2311 = 70.861 = 0.928 
SF = (1—0.861)-* = 52 


would, however, have been possible to calculate the significance of the rows 
by deducting only D, from D, in determining D,. When both Fy, and F, 
are significant, it is the usual practice to get the residual variance by subtracting 
both D, and Dg. 

In the calculations of Tables 5-VII and 5-VIII, the variance due to the rows 
was not taken into account. If we do want to correct for the effect of a 
significant variance associated with the rows, then we may use the procedure 
illustrated in Table 5-IX. 

According to the analysis in Table 5-VII, the correlation coefficient CC(28) 
is obtained from Eq. (5-8) by introducing D = D,, whereas the correlation 
coefficient corrected for rows, CC(28),, is from the same equation, putting 
D = D, = Dg. In either case, SF can be calculated by Eq. (5-18) from 
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Taste 5-IX 


Variance Analysis for the Seven-day Periodicity, 
Correcting for the Effect of Dz, the Deviance Due to the Rows 














Deviance skal | Variance | F-ratio | SF 
Dr = 5945 27 
Dr = 1265 3 
Dr—Dp = 4680 24 
Dp = 1990 2 995 8.14 443 
Dg = 2690 22 122.3 (1.00) 








SF = (148.14/11)4 = (1.740) = 443 
CC(28)r = 7/1990/4680 = 70.4252 = 0.652 


the correlation coefficient r, but for r= CC(28) we must take m= 12.5, 
whereas for r = CC(28)p we have m= 11, these values being d,/2 from 
Tables 5-VII and 5-IX respectively. 


A Comparison of CC(7), CC(28), and CC(28), in the Evaluation of Periodicities 


During January 1950, the studies of the periodicities in the rainfall were 
made by using CC(7). Gradually, the advantages of CC(28) were recognized. 
Later, in November 1950, the standard procedure was to use CC(28),. De- 
pending upon the conditions, particularly with regard to the distribution 
functions of the rainfall or other meteorological variate, there may be advantages 
in using one or another of these three correlation coefficients. 

To illustrate the different kinds of information conveyed by these quantities, 
we may consider the example in Table 5-X. In the top line of the table 
are values of cos @ as given in Table 5-III. To simplify numerical calculation, 
let us replace these by the values of y in the second line which are integers 
roughly proportional to cos @. The correlation CC(7) between cos6@ and y 
is 0.987. Any constant quantity, such as the value 4 indicated in the third 
line, added to all the values of y does not change the correlation coefficient 
between these numbers and cos 6. Yet, by adding a quantity sufficiently large 
to make 4++y positive for all the days of the week, we can simulate the rainfall 
data where, of course, negative values cannot occur. If we put these values 
of 4+-y into all the 28 cells in a calendar-like table and determine the periodic 
correlation coefficients, we find CC(28), CC(28),, and CC(7) will still be 
0.987. Since the rows or sums for the weeks, R, are now all equal, the deviance 
D, = 0. 

Let us consider, however, as illustrated in Section B of the table that we 
introduce these values of 4+ in only one of the rows of the table, as shown 
for the first week of the four-week period. We wish to know what effect this 
will have on CC(28) and CC(28),. 
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In Section C of Table 5-X, we have redistributed the values about equally 
between the four successive weeks so as to make the R values approximately 
equal, but the totals for the columns C are kept the same as if all the readings 
were in one week. We wish to determine the relative significance factors for 
these two types of distribution. 


Taste X 


The Effects on CC(28), CC(28), and CC(7) Produced by Altering the 
Distribution of Rainfall Between the Weeks (Rows), Keeping the C Values 


















































Unchanged 
Section 
cos +1.000 | +0.623 |—0.222} —0.901 | —0.901 | —0.222 | +0.622 
y +3 +2 0 -3 3 0 +2 
A 4ty +7 6 4 1 1 4 6 
| Sum 
s M T w T F s | R 
7 6 4 1 1 4 6 29 
0 0 0 0 0 0 0 0 
B 0 o | 0 0 0 0 o : 0 
0 0 | 0 0 0 o ; 0 | 0 
Sum=C=7]| 6 4 1 1 4 6 29 
s M T Ww T F s R 
2| 2 1 1 0 1 1 8 
1 2 1 0 1 1; 1 7 
c 2 1 1 0 0 i 7 
‘2 1 1 0 0 1 2 7 
Sum = C=7 6 | 4 1 1 4 6 29 
For Distribution B: 
SS = 155 S=29 S?= 841 
S*/28 = 30.04 SRt = 841 SC = 155 
Dr= 155 —30 = 125.0 CC(28) = 0.260 SF = 2.2 m= 125 
Dz = 841/7—30 = 90.1 CC(28)_ = 0.493 SF = 22 m= 11 
Do = 155/4-30= 8.71 CCc(7) = 0.987 SF = 1480 m= 2 
Dp= 8.48 Au = 0.780 
For Distribution C: 
SS= 43 S=29 SRt= 21 
Dr = 12.96 CC(28) = 0.809 SF = 5.8x 10° m= 125 
Dre= 0.10 CC(28)n = 0.812 SF = 14x10 m= il 
Do= 8.71 CC(7) = 0.987 SF = 1480 m= 
Dp= 8.48 Ay = 0.780 
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In the lower part of the table, the calculations are made in the usual way 
for the distributions in Section B and Section C. In both cases, CC(7) = 0.987. 
It obviously makes no difference in CC(7) whether all of the rain occurs in 
one week or is spread over the four weeks, but for CC(28) the distribution 
of the rainfall among the weeks is of major importance. 

With the nearly even distribution shown in Section C, the sum of the 
squares SS and the deviance D; are much decreased. The values of D, are 
125 for the grouping of Section B and only 12.96 for that of Section C, but 
D, and D, are not changed. In the distribution of Section B, the correction 
due to subtracting D, from D, in calculating CC(28), is the same as would 
be obtained by subtracting the mean value of R for each week from the rains 
in that week. The result is the same as though we had put into the table in 
Section B the values of y instead of 4+. 

This suggests that particularly in the study of rainfall it is more reasonable 
to use CC(28), than CC(28). The effect of adding 4 to y to avoid negative 
values was to decrease CC(28) from 0.493, with a significance factor of 22, 
to CC(28) = 0.260, with a significance factor of only 2.2. 

With other variates, such as temperature, which can go either up or down 
without definite limits, there are no similar reasons for preferring CC (28), 
in evaluating the periodicity. 

For the distribution in Section C, CC(28) rises to the very high value of 
0.809, with a significance factor of 5.8105. The sums of the rows, R, are 
now nearly alike, so that D, is negligible, and thus CC(28), is substantially 
the same as CC(28). However, SF is lower because m = 11 instead of 12.5. 
Thus, for the corrected value, SF is only about 1/4 as great as for the uncor- 
rected value. 


Summary and Conclusions 


The rainfall periodicity induced by periodic seeding can be measured by 
the correlation coefficients, CC(7) and CC(28). Periodic deviances Dp can be 
determined for a 7-day periodicity and two harmonics, or they can be found 
for a 28-day periodicity and its harmonics. In the latter case, the 7-day 
periodicity is the fourth harmonic (n, = 4). 

A study of the rainfall periodicity for Cycles 2 to 6 shows that the deviance 
D, decreases for the higher harmonics. This is a general characteristic of 
naturally occurring weather. During the six cycles of seeding, however, the 
deviance corresponding to the 7-day period was significantly outstanding in 
magnitude. 

A variance analysis by the Fisher method makes it possible to evaluate 
the significance of these periodicities. The analysis may, however, be made 
in various ways. These several methods are illustrated in detail by an example 
of the data of one 28-day cycle, Cycle 6, for Group A stations. All of the methods 
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indicated that the periodicity was significant. The choice of the best method 
depends upon natural characteristics of meteorological elements, which will 
be studied in later chapters. The skewness of the rainfall — particularly the 
fact that there is a lower limit to rainfall, viz., 0, but no definite upper limit — 
and some other characteristics of rainfall, may give reason for preferring one 
or another of the different methods of variance analysis. 
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CHAPTER 6 


THE RELATION OF RAINFALL DISTRIBUTION 
FUNCTIONS (SKEWNESS, PERSISTENCE, ETC.) 
TO THE EVALUATION OF PERIODICTIES 


IN THE PRECEDING chapter, we have seen that some of the peculiar characteristics 
of rainfall bring some difficulties in the evaluation of the significance of any 
observed periodicity. Thus, the rainfall of one day is related to that on neigh- 
boring days. The serial correlation or persistence effect modifies the distribution 
of the various periodic deviances that may be determined by a harmonic analysis 
The skewness of the rainfall distribution also complicates the evaluation. 

In this chapter, we shall analyze some of the characteristics of rainfall in 
their relation to the question of whether the periodicities in rainfall observed 
after seeding started in December 1949 can be regarded as chance fluctuations 
compatible with rainfall data from prior years. The answer to this basic question 
is needed before we attempt to decide that the periodic rainfall was induced 
by the periodic seeding. 


A Search for Naturally Occurring 7-day Rainfall Periodicities at Knoxville, 
Tennessee, for Nine Weeks in Each of Nine Winters from 1939 to 1948 


The original plan for undertaking seedings in New Mexico with a 7-day 
periodicity assumed that large periodic components of this frequency are not 
ordinarily present in naturally occurring rainfall, for otherwise they would 
long ago have been recognized. However, smaller periodic components must 
normally be present and knowledge of them is needed for any proper evaluation 
of the effects of periodic seedings. 

Therefore, early in February 1950, when strong periodicities of the rainfall 
in the Ohio Basin were noted, as illustrated in Table 4-VI, it became important 
to examine data of previous years for similar or smaller periodicities. 

To aid in this study, the Weather Bureau station at Knoxville, Tennessee, 
in March 1950, prepared day-by-day rainfall data for the months of December 
and January for nine consecutive winters, beginning in December 1939. Mr. 
Falconer made calendar-like tables from these rainfall data, arranged according 
to the days of the week, beginning in each year on the first Wednesday in 
December and continuing for nine weeks thereafter. The sums of the columns, 
C, for the nine Wednesdays, Thursdays, etc., for each year were then used 
to determine CC(7). A summary of the data is given in Table 6-I. 


[263] 
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Tasie 6-1 


A Study of the Day-by-day Rainfall at Knoxville, Tennessee, for Nine 
Weeks Starting on the First Wednesday of December in Each of Nine Years 
from 1939 to 1949 Inclusive 























Phase 

Start | Average rain |__(Sunday=0) |, 
Dec. per day = | Days CC(7)| SF | CC(63)| SF | Nz | ¢ 
1939 0.086 73 1.42 | 052] 19] 0.16 21] 22 | 7 
1940 0.082 273 «; «5.30 | 0.91 | 34.0] 0.24 6.0} 22 | 12 
1941 0.094 150 2.91 | 0.29) — 0.09 1.2! 17 | 6 
1942 0.137 ) 137 2.66 | 0.72] 4.3] 0.24 6.0} 24 | 11 
1943 0.070 | 334 6.50 | 0.95 }106.0| 0.27 | 100] 15 | 4 
1944 0.119 | 327 636 | 0.51] — _ low! 29 | 12 
1945 0.206 44 0.86 | 067} 33! — low | 28 | 10 
1946 0.227 16 0.32 | 0.24] — _ low | 27 | 13 
1947 0.091 60 1.16 | 049; — | — | low) 19 | 6 

Average 0.123 |] 203 | 8 

Vector Mean 18 0.35 | 0.19 | SF= 2.03 


























Details of Knoxville Data from 1 December 1943 to 1 February 1944 
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CC(7) = 0.950 SF = 106.0 
CC(63) = 0.267 SF= 9.2 
CC(63)z = 0.289 SF= 9.6 
Phase: 
@ = 180° from Wednesday or if Sunday = 0, @ = 334° = 6.50 days. 


The values of the correlation coefficients, CC(7), with a few exceptions, 
were relatively low and had little significance. In 1940 the correlation coefficient 
was 0.91, with a significance factor of 34; and in 1943 CC(7) was 0.95, with 
a significance factor of 106. From the nine years chosen for observation, one 
might expect to have about one case with a significance factor of the order of 
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magnitude of ten, but the occurrence of two values as high as 34 and 106 
indicates that the equation for estimating the significance factor for the Knoxville 
rainfall data gives values that are too high. 

We have, therefore, made studies of the possible reasons for the high 
values of SF obtained from CC(7) in these two years. The correlation 
coefficients, CC(63), from the data for all 63 days in each of the nine-week 
intervals are not highly significant. For instance, in 1940 the correlation 
coefficient was 0.24, with a significance factor of 6; in 1942 there was another 
value of the same magnitude; and in 1943, the year with the highest value 
of CC(7), the correlation coefficient CC(63) of 0.27 had a significance factor 
of only 10. Thus as, far as the CC(63) values are concerned, there is no indication 
that Eq. (5-18) seriously overestimates the magnitude of SF. 

The lower part of Table 6-I gives the details of the distribution of rain 
among the 63 days covered by the data for 1943. The high value CC(7) = 0.950 
loses its significance when the distribution of rainfall during this cycle is 
examined. Fifty-five per cent of all the rain for the 63-day interval fell on three 
days which, although they were in separate weeks, happened on Friday, 
Saturday, and Sunday. On 48 out of the 63 days, no measurable rain fell. 
The value of the correlation coefficient CC(63), is a little higher than the 
uncorrected value, but the significance factors are about the same — 9.2 
and 9.6. 

The statistical equations, such as Eq. (5-18), are, of course, based upon 
the assumption of a normally distributed variable. The distribution of rainfall 
at Knoxville during the 1943 season was such that on 76 per cent of the days 
no rain fell, and on four days, or 6 per cent of the days, 65 per cent of the 
rain fell. . 

To estimate the effect of this type of distribution on the significance factor, 
we have taken four numbers — 10, 8, 7, and 5 — which are closely proportional 
to the four highest rainfalls illustrated in the lower part of Table 6-I, and 
have distributed these in a random way among seven columns, as indicated 
in Table 6-II. 

This was done by preparing random arrangements of numbers from 1 to 
7 and another set of random numbers from 1 to 4. The numbers 1 to 4 were 
used to determine the sequences in which the four variate numbers 10, 8, 7, 
and 5 were to be placed in the columns. The first of these variates was then 

- placed in the Wednesday column without loss of generality, while the second, 
third, and fourth variates were put in the columns according to the sequence 
of random numbers from 1 to 7. 

In all, 24 arrangements of the variate numbers were made in this way. 
The five that gave the highest apparent periodicity are illustrated in Table 
6-II. There are two cases in which the sequence is 8, 10, 7, and 5 on adjacent 
days (in one of these cases, the order was exactly reversed). The values of CC(7) 
and SF calculated by Eq. (5-18) are given in the table. 
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Taste 6-II 


Random Distribution of Four ‘‘Rainfall’? Values — 10, 8, 7, and 5 —in Seven 
Columns, One of the Values Being Placed in the Wednesday Column 
Out of 24 trials, there were the following high values of CC(7): 


1 l2{3]4]s|e6{7/s8| 9 | 1o | m | 12 | 2 








s|m|t|w|t|F|s | ccm | sr |¥sF| ccs) | sr 














0.222 | 5 





‘Two cases 0; O}; 8}10; 7] 5} 0 0.957 | 140 12 

One case 0; 0} 8} 10/12} 0} O| 0.930 54 7 0.277 11 
One case 0; 0} 8}10; 5| 7} O 0.877 19 4 | 0.204 4 
One case 0; 0 | 17} 13; 0; 0; O 0.797 8 3 | 0.322 27 








Evidently, the restrictions placed upon the number and magnitude of the selected data 
(like those at Knoxville in Table 6-1) decrease the effective number of degrees of freedom and 
cause values of SF calculated by Eq. (5-18) to be too high. 

The values of CC(63) are calculated by taking all entries in the 63 cells as zero, except 
for the cells containing the four values 10, 8, 7, and 5 in the appropriate columns. Thus, Dr = 
238—14 = 224. 


With 24 trials based on these random arrangements of numbers, we should 
expect about one case with an SF as high as 24, but in Table 6-II there are 
two SF values of 140 and one of 58. 

Just as in the case of the 1943 data of Table 6-I, the values of SF obtained 
by Eq. (5-18) from CC(7) are evidently far too high. Since these data are 
based on a random selection of sequences, this failure of Eq. (5-18) to give 
reasonable values of SF must be due to the fact that the assumptions underlying 
its derivation are not fulfilled — the variate does not have a normal distribution 
function. The concentration of most of the rains into a small number of very 
heavy rains, which was also characteristic of the 1943 rainfall data of Table 
6-I, is equivalent in many ways to a reduction in the number of degrees of 
freedom, and, therefore, according to Eq. (5-15), to a decrease in the value 
of m in Eq. (5-18). 

Examination of the calculated values of SF in Column 10 of Table 6-II 
shows that more acceptable values of SF could be had by taking the square 
roots of the SF values, as given in Column 11; these would correspond roughly 
to a decrease of 50 per cent in the degrees of freedom d, in Eq. (5-15). 

The high values of SF (34 and 106) calculated from CC(7) in the sixth 
column of Table 6-I for the years 1940 and 1943 are thus a kind of artifact 
that may be expected from a rainfall distribution like that at Knoxville in the 
1943 season. These Knoxville data thus give no evidence of any significant 
natural 7-day periodicity. If, instead of SF = 34 and 106, we take the square’ 
roots of these values, we would have significance factors of 6 and 10, which 
would be values of the order of magnitude that should be expected. 

Studies of this kind, some of which were made early in 1950, gave good 
reason for believing that there was no significant natural 7-day periodicity 
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in the rainfall of a magnitude at all comparable with that observed in the 
spring of 1950. 

The data of Table 6-I indicate that during the successive years there was 
no significant tendency for the phases to be the same in different years. At 
the foot of the table, the vector mean is given. This is obtained by plotting 
on polar coordinate paper the points corresponding to the different years, 
using as radius vector CC(7) and the phase angle as the vector angle. Graphically, 
by grouping the values together in pairs and then by grouping the pairs, one 
finds that the center of gravity of all the points on the vector dial corresponds 
to a value of CC(7) of only 0.19, at a phase angle of ¢ = 18 degrees. A variance 
analysis by a method that will be described in a later chapter indicates that 
this vector mean phase has no statistical significance (SF = 2.0). 


The Day-by-Day Persistence of Rainfall 


In studying the periodicity of rainfall, we have used the average rainfall 
for a large number of stations, such as Group A, in preference to the data 
at any one station. This has the advantage that there are fewer rainless days 
and the distribution of the rainfall values is more nearly normal. 

The harmonic analysis of the rainfall in Tables 5-III and 5-IV showed that 
the sum of r* for all the harmonics that can be calculated is equal to unity. 

It has long been known that there is a tendency for the weather on one 
day to resemble that of the day before. This persistence can be measured 
by the autocorrelation between the values of the variate on one day with those 
on the following day. Two identical lists are prepared for the weather elements 
on successive days and then one of these is displaced vertically by one, two, 
or more days, and for each of these displacements the correlation coefficients 
between the corresponding pairs of values of the variate are obtained. This 
method has been particularly developed by J. Fuhrich, and a chapter is devoted 
to it in Conrad and Pollak’s book (Methods in Climatology, Harvard University 
Press, 1950). 

The effect of a two-day periodicity, which is the highest harmonic that can 
be calculated from daily observations, corresponds to a repeated alternation 
of variate values from one day to the next. A tendency for persistence of weather 
elements on successive days thus decreases the magnitude of the two-day 
harmonic below the value expected for a random arrangement. 

Any such redistribution of the periodic deviances D, among the harmonics 
has an effect on all of them. A high autocorrelation with one-day lag decreases 
the higher harmonics and thus increases the lower harmonics such as the 7-day 
periodicity. This must reduce the significance that otherwise would be attached 
to a given value of CC(28) for the 7-day periodicity. 

It is important to have some ready means of determining the approximate 
effect produced by this tendency of the weather to persist from day to day. 
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In the rainfall data, the fact that there are so many rainless days is itself a type 
of persistence. 

In February 1950, a study was, therefore, made of the autocorrelation 
between the rainfall data at Group A stations for three periods — nine weeks 
in 1949 to 1950, nine weeks in 1948 to 1949, and thirteen weeks in 1947 to 
1948 — each period beginning in December. 

The rainfall data were studied according to a three-class method like that 
used in the ‘‘Average Monthly Weather Résumé and Outlook,”’ prepared by 
J. Namias of the U.S. Weather Bureau. We can assign numbers +1, 0, and 
—1 to the three classes, which correspond to heavy, moderate, or light rains 
on successive days. The class limits are so chosen as to give approximately 
equal numbers of observations in each of the three classes. However, this 
frequently has to be modified if more than one-third of the days are rainless. 
In that case, one puts in the —1 class all the rainless days and divides the 
other days equally between the 0 and +1 class. 

The autocorrelations were calculated for lags of one day, two days, three 
days, etc., up to ten days. For the one-day lag, the correlations between the 
rain on one day and that on the next day were respectively +0.30, +0.27, 
and +0.34 for the three time intervals, or an average of +-0.30. For the case 
of the two-day lag, the average decreased to —0.04; for the three-day lag, 
it was —0.09; for the four-day lag, —0.13; for the five-day lag, —0.12; 
for the six-day lag, 0.00; for the seven-day lag, +0.06; for eight days, +0.04. 
The significance factor for the one-day lag is extremely high, owing to the 
215 days of observations from which it was obtained, but the negative corre- 
lations for the four days are of only a moderate degree of significance. 

These autocorrelations are relatively small compared with those that we 
have encountered in connection with the study of the periodic rainfall presum- 
ably induced by periodic seeding. The highest of them, for example, 0.30, 
corresponds to a periodic variance of only 9 per cent of the total variance from 
other causes. Thus, at least approximately, one can look upon the weather 
as dominated by randomness; and the tendency for persistence is a disturbing 
factor, or a kind of perturbation, but in general, no very great errors would 
be made by neglecting it. However, we wish to investigate this question in 
considerably more detail. 

Recent studies of methods for analyzing rainfall data made by H.C. S. 
Thom of the U.S. Weather Bureau have shown that it is best to consider 
all rainless days to be in a class by themselves and to determine the characteristic 
distribution functions for the days in which there is measurable rain. 

The method of studying the distribution of the deviances among the har- 
monics involving the calculation of autocorrelations or serial correlations 
is laborious, and it was, therefore, desired to obtain some ready means of meas- 
uring the persistency of rainfall. 
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A simple way of doing this, for a block of data corresponding to a given 
time interval, is to determine N,, the number of days on which measurable 
rain occurs, and o, the number of consecutive days of rain. Thus, for example, 
a group of three consecutive days gives a contribution of 2, or 3—1, units to 
the value of c. In the last two columns at the right of Table 6-I, values of 
N, and o are given. 

The quantity o serves as a measure of the persistence and should be related 
to the autocorrelation between the rainfalls on consecutive days. 

A study of a random distribution of days of rain within a given block of 
N cells was made empirically by placing different numbers of days of rain 
tepresented by integers, each equal to unity, among the cells by using a set 
of random numbers to determine their location. In this way, certain empirical 
rules were deduced. Later, it was found that these relations could be deduced 
theoretically by the following method. 


Theoretical Relation of the Persistence Index Q to the Autocorrelation r, 

From rainfall data, such as those shown for Knoxville in the lower half 
of Table 6-I, it is easy to count the number of days, Nz, on which rain greater 
than any specified limit occurs, and also to count the number of such days, 
o, that occur in sequence. Thus, by a counting procedure, we determine the 
values of N, and o and compare these with the total number of days, N, in 
the interval or block being considered. 

Mathematically, we have a block of N cells arranged in sequence in which 
each cell may contain either the numeral 1 or 0. The sum of all the numbers 
in the cell is, therefore, Nz, and the number of unit values in sequence is o. 
The autocorrelation coefficient with one-day lag is then determined between 
the numbers in Block 1 and an identical Block 2 obtained by displacing the 
numbers in Block 1 downward by one day. 

An examination shows that o is equal to the sum of the products of the 
terms in the corresponding cells of the two blocks. For example, a single unit 
entry in Block 1, after being displaced one day, comes opposite to 0 in Block 
2 and, therefore, the product term is 0. However, a pair of successive unit 
values in Block 1, after displacement by one day, gives a contribution of 1 
to the product, but this is the same as the contribution given by o. In this 
analysis, we will consider that N is large compared with unity, so that end 
effects are negligible. 

We may now calculate the autocorrelation coefficient r, between Block 1 
and Block 2 by using Eqs. (5-2), (5-5), and (5-6). For Block {1 and for 
Block 2, the sum of the squares SS = Np, but the sum S is also equal to Np. 
Thus, the total deviance for both Block 1 and Block 2 is Ng—(Na)*/N. The 
product term S(xy) in Eq. (5-2) can be calculated from a, but also needs 
the same correction (N,)*/N. Thus, for the autocorrelation coefficient corre- 
sponding to a one-day lag, we have 

14 = (¢—N3/N)|(Na—N3IN). (6-1) 
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If there is no autocorrelation between Block 1 and Block 2 — that is, if 
there is no serial correlation as when the values are arranged in random 
sequence — then r, is 0. Under these conditions, o has a special value which 
we will call o,, given by Eq. (6-1): 

oo = NBN. (6-2) 


Thus, for a random distribution of rainfall days in a given block of N days, 
we can calculate o from Nz, by Eq. (6-2). 

When o from a set of observations differs from o, calculated from Eq. 
(6-2), then we can calculate the autocorrelation coefficient r, from values 
of N, Nz, and o by Eq. (6-1). 

Let us define the persistance. index Q as the ratio between the observed 
value of o and the value o, calculated by Eq. (6-2). Thus, 


Q = a/o = No/N5 (6-3) 
We also readily obtain an equation by which r, can be calculated from Q: 
14 = (Q—1)Nal(N—Np) (6-4) 


Application of Theory to Rainfall Data 


Table 6-III summarizes calculations of the persistence index Q and the 
autocorrelation coefficient r, from the rainfall data of Tables 6-I, 4-VI, 5-I, and 
5-II. The seven columns on the left-hand side of this table correspond to 
data obtained by counting all rains of 0.01 inch or more, whereas the four 
columns on the right side for Section A refer to rains that exceed 0.10 inch, 
and in the other sections of the table — B, C, and D — the data apply to rains 
of 0.20 inch or more. The column marked N gives the total number of days 
in the block, N, is the number of days that have rains in excess of the specified 
limit, o represents the number of consecutive days of rainfall, 0) is the value 
calculated by Eq. (6-2), and Q and r, are calculated by Eqs. (6-3) and (6-4). 

Section A of Table 6-III shows that the rainfall at a single station, Knoxville, 
for 63-day periods in nine consecutive years gave rainfall distributions that 
showed very little persistence. The average value of the persistence factor 
Q was 1.17, whereas, if the rainfall days were in random sequence, one would 
expect Q to have the value 1.0. The autocorrelation with one-day lag varied 
between the limits of —0.15 and +0.31, with an average value of +0.07. 

When the data for all the nine years are combined, taking the total number 
of rainy days N, = 203 and o = 84 for the numbers of days in se quence, 
we find substantially similar values: Q = 1.16 and r, = +0.09. The number 
of rainy days during the nine years N, varied almost 2:1— from 15 per 63 
days, or 24 per cent, up to 29 days, or 46 per cent — but the values of o decreased 
in a much greater ratio, 13:4, as N, decreased from 29 to 15. 

In Section B of the table, the data represent the average rainfall at three 
stations — Ft. Wayne, Cincinnati, and Knoxville — during the periodic 
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seeding in Cycles 2, 3, and 4. The values of Q for the left-hand part of the 
table average 1.12, and the r, values average 0.23. This r, average is somewhat 
higher than that given by Section A, but not nearly so large as the average 
autocorrelation coefficient of 0.30 that we found from some of our earlier 
studies of rainfall of previous years. 


Tasie 6-III 
Persistence Index (Q) for Rainfall and Its Relation to 
Autocorrelation Coefficient 1, with One-day Lag 
Q = oN/(Nr¥ ra = Nr(Q—1)/(N—Na) 
A. Data from Table 6-I, Rainfall at Knoxville (December and January) 

































































x>1 x>10 
Year| N Nr o o | QO | Ne|o¢ | O | 
1939 | 63 22 7:27! oo | -o0o | 9 | o | — on 
1940 | 63 2 | 12 | 7.7 1.57 | +031 | 11 4 | 24 | +0.23 
1941 | 63 17 6 | 46 | 131 | +011 | 12 | 3 | 1.3 | +0.08 
1942 | 63 4 | | oO. 1.21 | +013 | 14 | 4 | 1.3 | +0.08 
1943 | 63 15 41 36 | 143 | +003] 10 | 3 | 19 | +017 
1944 | 63 29 | 12 | 13.2 | 090 | -009| 19 | 9 | 16 | +025 
1945 | 63 28 10 | 124 | 081 | -o1s | 19 | 7 | 1.2 | +010 
1946 | 63 27 | 13 | 11.6 | 113 | +010 | 22 | 10 | 13 | +016 
1947 | 63 19 9 | 57 | 158 |’ 4025] 13 | 4 | 45 | +013 
Sum | 567 203 | 84 | 72 116 | +0.09 | 129 | 44 | 1.50] +015 
Nr/N 0.36 | 
B. Data from Table 4-VI, Three of Group A Stations, 1949-1950 
Cycle | x>20 
2 28 16 10 | 9.2 | 1.40 013 | 11 5 | 1.15| +0.10 
3 28 20 | 16 | 143 | 1.12 0.30 | 14 | ‘9 | 1.29} +0.29 
4 28 19 | 14 | 128 | 1.09 0.19 s | 3 | 1.31] +012 
Sum | 84 ss | 40 | 36 | 112 | 023 | 33 | 17 | 132] +0.21 
Nr/N 0.66 | 
C. Data from Table 5-I, Group A Stations, 1949-1950 
Cycle | | x>20 : 
2 28 19 | 13 | 128 | 1.01 | +4002} 12 | 7 | 137] +0.28 
3 28 23 a | 190 | 41.11 | +050] 11 5 | 116] +0.10 
4 28. 2 | 22 | 205 | 107 | +043] 8 | 4 | 1.76] +0.30 
5 28 23 18 | 190 | 095 | —0.23| 4 | 1 | 1.76] 40.13 
6 28 19 | 14 | 128 | 1.09 | +019 | 7 | 4 | 2301 +0.43 
Sum | 140 108 | 88 | 84 1.06 | +0.20| 42 | 21 | 1.67| +0.29 
Na/N' 0.77 | | 
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Tass 6-III (continued) 
D. Data from Table 5-II, Group A stations, 1947-1948 



































Cycle | x>20 
ge 28 10 5 3.6 1.40 +0.22 3 1 3.1 +0.25 
$53??. 28 22 17 17.3 0.98 —0.07 3 1 3.1 +0.25 
“a? 28 | 20 14 | 14.3 0.98 —0.05 8 3 1.32 | +0.13 
#257? 28 18 12 11.6 1.04 +0.07 7 2 1.14 | 40.05 
“6"" 28 21 16 15.8 1.02 +0.06 7 4 2.28 | +0.43 
Sum | 140 91 64 59 1.09 +0.17 28 | 11 1.97 |] +0.24 
Na/N 0.65 
E. Grand Total 

931 457 276 =| 225 1.23 +0.22 

Nr/N 0.49 | 























Sections C and D of the table apply to the 20 Group A stations during 
seeding and also two years before periodic seeding. The values of Q, as would 
be expected, show much less variance than those of Section A, presumably 
because of the smoothing effect of including 20 stations. The autocorrelation 
obtained by lumping together all the five cycles, using the total value of Nz 
for the 140-day period, gives +0.20 for the data of Table 5-I and +0.17 for 
the data from Table 5-II. 

The autocorrelation coefficient r, averages 0.19 for the 224 days of observ- 
ations during the seeding cycles and only 0.06 during the 707 days of nonseeding. 
A variance analysis of these data indicates that the difference between these 
two values is moderately significant, with a significance factor of SF = 8, 
but certainly there is no striking increase in the autocorrelation during the 
periodic seeding. 

The columns in the right-hand part of the table apply not to the total rains 
but to the rains in excess of certain specified limits. The values of N, and ¢ 
are, of course, considerably lower than the corresponding values from the 
data on all the rains of 0.01 inch or more, and the values of Q are considerably 
higher, but the autocorrelation coefficient r, is substantially the same as for 
the data taking the total rains — that is, the values average about 0.23. 

These data give an impressive indication that the persistence of rainfall, 
although certainly real, is not very large, so that, in general, it is not a bad 
approximation to assume that the rainfalls are distributed at random. This 
autocorrelation coefficient, however, is distinctly and significantly higher than 0, 
so that there is a definite amount of persistence, but the deviance associated 
with the autocorrelation of +0.2 is only 4 per cent of the total deviance. 

One factor that contributes to the positive value of r, is the fact that even 
single rains, especially heavy ones, usually last at least a considerable part 
of 24 hours and are thus often recorded on two successive days. 
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Considerations of this kind gave good reason for believing, early in 1950, 
that no great error was made by considering that the most characteristic feature 
of the rainfall distribution is its randomness, and that the persistence is a thing 
of minor importance compared to the very high periodic variances that we have © 
found in Cycles 2 to 6 after the periodic seeding started. The significance 
factors ‘calculated by the Fisher theory, Eqs. (5-14) and (5-18), are thus 
justified as useful approximations. 


Distribution of Rainfall Magnitudes 


The characteristics of ‘rainfall that need to be considered in evaluating 
the significance of rainfall periodicity are, in general, of two kinds: 

1. Those that depend on the time sequence of the rainfalls, such as per- 
sistence, serial correlation, autocorrelation, naturally occurring periodi- 
cities, etc. 

2. The distribution of the rainfall magnitudes without regard to their 
sequence. This includes the skewness and other such factors. 

- Many statistical problems are often simplified by postulating that the 
variate has a normal or Gaussian distribution function. The tables of F used 
in connection with the Fisher theory of variance are based on this postulate. 
If we wish to use this theory as we have done in these chapters, we should 
know whether the departures from the normal distribution are sufficient to 
invalidate the conclusions drawn from the theory, which postulates a normal 
distribution. 

Some meteorological variates, such as temperature and pressure, are not: 
limited by natural conditions within any definite limits. There are presumably 
many cases, therefore, where such variables have:a normal distribution. Other 
variates, such as precipitation or wind velocity, are limited unilaterally — 
that is, they cannot be less than zero — but there is no well-defined upper 
limit.- Still other variates, such as relative humidity, cloudiness, or duration 
of sunshine, have bilateral limits. 

In spite of unilateral or bilateral limits, meteorological elements sometimes 
have a distribution that is very close to the normal distribution. For example, 
Conrad and Pollak: (pages 31 and- 107) show that the anrual rainfall for 200 
years at Padua, ‘Italy, showed a distribution that fitted the Gaussian: curve 
with quite satisfactory accuracy. Because each of the 200 rainfall data represent 
the total rain for a whole year, the unilateral limit of rainfall did not play any 
important part. Thus, the year of lowest rainfall gave a rain about half that 
of the average of all the years. 

Another example cited by Conrad and Pollak gave the March rainfall for 
21 years at Helwan, Egypt. Although two of the years showed a rainfall nearly 
four times that of the average of all the years, there were eight roe out of 
the 21 that showsd. no rain at’ all... 
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Conrad and Pollak refer to another set of 3652 records (covering 10 years) 
of mean daily relative humidities which are theoretically bilaterally limited, 
but the data show that there are no relative humidities lower than 30 per cent, 
and that only 7 per cent of all the observations exceed 89 per cent. Thus a 
quasi-normal distribution can reasonably be assumed. Another example deals 
with the bilaterally limited cloudiness at Prague, Czechoslovakia. In this 
case, the extremes of zero cloudiness and nearly 100 per cent are by far the 
most frequent, whereas the arithmetical mean of 50 per cent is about the rarest 
condition. This is a distribution that is very different from a normal distri- 
bution. 

In our problem of evaluating rainfall periodicity presumably induced by 
seeding, we are concerned with the distribution function only insofar as it 
lowers the accuracy or the reliability of the calculation of the significance 
factors from CC(28) or r by Eq. (5-18). 

The calculations illustrated in Table 6-II have allowed us to estimate the 
errors that are made by an extreme departure from a Gaussian distribution. 
By choosing a set of variate values resembling those of the Knoxville rainfall 
of 1943 and then arranging them in random sequences, we have obtained 
values of CC(7) and SF that are appreciably higher than we should expect 
for a normal distribution. The CC(63) values, however, are only very slightly 
higher than the normal. 

The SF values obtained from actual rainfall data in Table 6-I are also 
too high and by about the same amount as that found in Table 6-II. 

We may conclude that the increase in the SF values calculated in Table 
6-I is caused only by the non-normal distribution of the rainfall magnitudes, 
and there is thus no evidence that the rainfall data are not randomly arranged. 
The most striking result is that such large deviations from the normal distri- 
bution of magnitudes have only a small effect on the values of CC(7) and 
almost no effect on CC(63). 

To estimate the probable errors introduced by a non-normal distribution, 
it is desirable to have an appropriate quantitative method of describing the 
distribution of rainfall magnitudes. 

For weather elements which vary continuously with time, such as tempera- 
ture, pressure, cloudiness, etc., the distribution can conveniently be described 
by a histogram or a frequency curve that gives the relative frequency of 
occurrences of values within specified ranges of the variate. 

For many purposes, it is better to express the cumulated frequency as a 
function of the variate. This is especially applicable to rainfall, which is natur- 
ally a cumulated variate. It would be possible to give a frequency distribution 
curve for the frequency of occurrence of rates of rainfall within specified 
ranges in terms of the rate of rainfall treated as a variate. This would involve 
some arbitrary definition of the rate of rainfall, such as the amount of rain 
in a day, month, or year, since the instantaneous rate of rainfall is an extremely 
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variable quantity that is hard to measure and is of doubtful significance. Further- 
more, such a curve of rates, even if constructed, would give little information 
as to the number of days without rain. 

The cumulated rain—that is, the total rain in a given time—has a kind 
of significance that is not characteristic of ordinary weather variates. For 
example, we can speak of the total rain in a month, but not of the total tem- 
perature in the month. There is thus a particular advantage in describing 
the distribution of rainfall magnitudes, using as coordinates the cumulated 
ram and the cumulated time in days or years. This method of describing the 
rainfall distribution is illustrated in Table 6-IV, Fig. 6-1, and Table 6-V. 


TaBie 6-I1V 


An Illustration of the Calculation of the Distribution of Rainfall Magnitudes 
(Knoxville, during December and January, for 9 years-starting in 1939) 
Ny = 567 = total number of days in interval. 
The rains X in hundredths of an inch are arranged in an array of descending values. 
Nc = cumulated days, i.e. the number of days with rains equal to or greater than X. 
Xr = 6924 = total rains for all Ny days. 
Xavy = 12.2 = Xz7/Nr. 





1 2 3 4 5 
Cum. Cum. Fraction | Fraction 
days Rain rain of days of rain 
Ne x Xo Nc/Nr | Xc!Xr 

1 351 351 0.0018 0.051 

2 173 524 0.0035 0.076 

3 167 691 0.0053 0.100 

17 126 1794 0.019 0.259 

18 121 1915 0.021 0.277 

29 71 3497 0.051 0.505 

121 12 6541 0.212 0.947 
202 0 6924 0.360 01.000 











The variate considered in Table 6-IV is the rainfall on each of 567 days 
during January and February for a total interval lasting nine years, starting 
in 1939. These are the data summarized in Table 6-I. 

The 567 rainfall values were arranged in an array according to magnitude, 
starting with the highest rains. The second column of the table lists the values 
of X, the rain on one day expressed in hundredths of an inch. The values of 
N, in Column 1 are the cumulated sums of the numbers of days that have 
rains equal to or greater than X in Column 2. Column 3 contains the cumu- 
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lated rain X,, which is the sum of all the values of X up to and including that 
specified in Column 2. Columns 4 and 5 give the cumulated days and the 
cumulated rains expressed as a fraction of the total days N, and the total 
rain Xy. 

Table 6-IV illustrates only a few points out of the 567 rainfall data. However, 
on only 202 of the days was there any rain. The average rain X,, was 12, 
and rainfall of this magnitude or more occurred on N, = 121 days. Thus 
21.3 per cent of the days had more than average rainfall, and the total of these 
rains was 94.3 per cent of the total rain. This illustrates the extremely large 
departure from normal distribution. The last value of N,/N; in Column 4 
shows that on only 36 per cent of the days was there any rain. 


CUMULATIVE RAIN FRACTION 


4X AVERAGE 





. 0. 
0.2 04 06 0.8 1.0 
FRACTION OF TIME 


Fic. 6-1. Cumulative rainfall distribution function. 


The data of Columins 4 and 5 of Table 6-IV were used to construct 
Curve A in Fig. 6-1. Certain characteristic points from this curve or from 
Table 6-IV are given in Section A of Table 6-V. 

Fig. 6-1 contains three other curves, designated C, D, and P. The curves 
C and D represent rainfall data from the Group A stations for Cycles 2 to 6 
and Cycles ‘‘2” to ‘‘6”. The data as described in Sections C and D of Tables 
6-III and 6-V were used to construct tables like that shown for Curve A in 
‘Table 6-IV, and characteristic points on the curve are given in Table 6-V. 
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TABLE 6-V 


Summary of the Cumulated Rainfall Distributions 
(Rains in array of decreasing magnitude) 
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Curve in Fig. 6-1: A Cc D 
Data from Table: 6-1 5-I 5-II 
Stations: Knoxville 20 Group A 20 Group A 
Time: 9 yrs., Dec., Jan Cycles 2 to 6 Cycles‘‘2” to ‘°6” 
Starting 1939 1949-1950 1947-1948 
Nv (days): 567 140 140 
Xavi 12.2 15.9 10.1 
No/Nt | Xe/Xr|X/Xav| Ne/Nz| Xc/Xr |X/Xav| Ne/Nr| Xc/Xr|X/Xav 
0.00 0.00 — | 0.00 0.00 — | 0.00 0.00 _- 
0.014 | 0.200 — | 0.039 | 0.175 | 4.00 | 0.028 | 0.200 _— 
0.051 | 0.500 — | 0.048 | 0.200 — | 0.083 | 0.448 | 4.00 
0.082 | 0.647 | 4.00 | 0.139 | 0.500 — | 0.096 | 0.500 _ 
0.129 | 0.800 — | 0.300 | 0.800 — | 0.222 | 0.800 - 
0.212 | 0.943 | 1.00 | 0.336 | 0.840 | 1.00 | 0.276 | 0.865 | 1.00 
0.296 | 0.991 | 0.25 | 0.570 | 0.976 | 0.25 | 0.465 | 0.975 | 0.25 
0.360 | 1.000 | 0.00 | 0.770 | 1.000 | 0.00 | 0.650 | 1.000 | 0.00 














X = rain per station day, hundredths of inch. 
Xc¢ = cumulated rains. 

Xay = average rain = X7/Nr 

Xr = total rain for all Nr days. 

Nc = cumulated days. 


The Curve P in Fig. 6-1 was constructed in a similar way from Conrad 
and Pollak’s tables giving the annual rainfall at Padua for 200 years. A Curve 
H was also prepared from Conrad and Pollak’s data for the March rainfall 
during 21 years at Helwan. Up to X,/X, = 0.85, the Curve H coincided 
with Curve C, but above that it rose more steeply, reaching its maximum 
at N,/N; = 0.66. : 

In describing distributions of variates that are not normal, it is common 
practice to distinguish between the average value of the variate and the median 
value. The median is defined as the middle value in an array arranged accord- 
ing to magnitude. For Curve A of Fig. 6-1, the median rainfall value is 0, 
since on only 36 per cent of the days is there any rain. 

Each of the curves in Fig. 6-1 starts from the lower left-hand corner, which 
corresponds to the day of heaviest rain, and proceeds upward to the point 
where the curve meets the horizontal line, which corresponds to the total 
rainfall X,. This means that all the remaining days are without rain. 

Because of the large number of days used in the construction of these tables, 
the curves appear to be smooth. Actually, the increments are discrete amounts 
corresponding to the rainfall on separate days, but these progressively decrease 
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in magnitude as N,/N, increases. The slope of the line must, therefore, con- 
tinuously decrease so the curve is concave downwards. 

A simple mathematical analysis shows that the slope of the line represents 
the magnitude of the rain in terms of the average rainfall. Thus, the average 
rainfall X,, is the point on the curve where the slope is unity or the tangent 
of the line has an inclination of 45 degrees. This point corresponding to the 
average rainfall is marked on each of the four curves. The points at which 
the rainfall is four times the average or the slope is 4 are also indicated on 
Curves A, D, and C. For Curve P, there is no point that has such a large slope. 
For Curves A, D, and C, other points are indicated where the rainfall is 0.25 
times the average and the slope is 0.25. There is no point on Curve P that 
has a slope as small as this. In Table 6-V, the third column in each of the sec- 
tions gives the ratio between the rainfall and the average rainfall. 

The rainfall distribution Curves A, D, C, and H are of quite similar form 
but, as expected, the Curve A for Knoxville, where there was only one station, 
shows a much larger proportion of rainless days; that is, the curve rises more 
steeply and joins the horizontal axis at a smaller value of N,/Nz. 

The Curve P for Padua shows very much less curvature. Conrad and Pol- 
lak found that the distribution was approximately normal and that there was 
no value of rainfall less than about half the average. Thus, the slope at the 
upper right corner of the curve is a little less than 0.5, and at the lower left 
corner the slope is about 1.8, because the highest rainfall has a value of 1.8 
times the average. Curve P, however, shows that there is an appreciable de- 
parture from the normal distribution. The point corresponding to the average 
rainfall in Curve P comes at an abscissa of 0.44: that is, 44 per cent of the 
days have more than average rainfall; whereas, for a strictly normal distri- 
bution, half of the days should have more than the average rainfall. The average 
rain, however, is very close to the median rainfall for the slope of the line 
at an abscissa of 0.44 is only very slightly greater than that at the point of ab- 
scissa 0.50. 

If we plot the data for 1—o (where 9 = X,/X,) on semilogarithmic paper 
against N,/N,, we obtain a good straight line for all the lower values of N,/N;- 
To avoid the negatively infinite value that occurs when @ = 1, and to make 
the semilog plot straight over a wider range, we can add 0.01 to the value 
of 1—g. The increments in N,/N, which correspond to a 10-fold change 
in the value of 1—o for the four curves—A, D, C, and H—are 0.195, 0.285, 
0.39, and 0.39, respectively. 

The fact that the points fit so well these straight lines on semilogarithmic 
paper indicates that these rainfall distributions for daily rains follow rather 
definite statistical laws whether or not we are dealing with a single station 
or the average of many stations. However, the values of 1—o for Curve P 
(annual rains for 200 years at Padua) do not give a straight line on semiloga- 
rithmic paper. 
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The Use Alternative Methods of Calculating Periodic Correlation 
Coefficients to Reduce the Effect of the Skewness of the Rainfall Data 


In determining periodic correlation coefficients by adding the rainfall 
in columns according to the days of the week, the effect of the rather infre- 
quent large values of rainfall characteristic of the distributions shown by 
Curves A, D, C, and H of Fig. 6-1 would give too much weight to these few 
days of heavy rainfall. 

It was realized early in February 1950 that some of this difficulty could 
be avoided by using alternative methods involving the arrangement of the 
rainfall data into classes, and then determining the periodic deviance of suit- 
ably chosen ordinal numbers characterizing these classes. 

For example, in Tables 4-IV and 4-VI, the numbers of rains that amounted 
to 0.10 inch or more were counted for each of the days of the week. It was 
found that these also were highly periodic. With this method of analysis, the 
very high values of rain on certain days give no greater contribution than 
any much smaller value which exceeds 0.10 inch. The significance of the 
periodicities obtained by this alternative method was usually not substanti- 
ally changed. 

This method of dividing the rainfall into two groups according to whether 
or not the rain exceeded 0.10 inch may be called a 2-class method. 

In Namias’ ‘‘Average Monthly Résumé and Outlook,” a 3-class method 
is used for analyzing rainfall data and a 5-class method for temperatures. 

In December 1950, Professor S.S. Wilks at Princeton University called 
the writer’s attention to the method described in the Fisher and Yates Tables, 
where, under Table 20 a set of ordinal numbers or ordinal ‘‘scores’’ is used 
for ranked data. Professor Wilks recommended this as a suitable method 
for avoiding some of the troubles associated with the statistical handling of 
rainfall data. 

Table 6-VI gives a comparison of five methods of analyzing rainfall perio- 
dicity. The example chosen is from the data of Table 5-III for Cycle 6 of 
rainfall data for Group A stations. 

These data are listed in a vertical column under X at the left-hand margin 
of Table 6-VI. In the next column are the Fisher-Yates Ordinal Scores (FYOS), 
each rounded off to a maximum of two significant figures and multiplied 
by ten to avoid decimal points. The sum of these quantities is 0, and they 
have a normal distribution curve. 

We now encounter another characteristic difficulty with the rainfall dis- 
tribution because of the many rainless days. In this case, there are nine days 
with no rain and, therefore, we cannot assign these values to corresponding 
FYOS values. The best we can do is to take the average of these nine FYOS 
values, which is approximately —11, and assign this value to all of the rainless 
days. This, of course, spoils the normality of the distribution function, but 
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~ Tasre 6-VI 


A Comparison: of Five Methods of Analyzing the fe as of Rainfall 
Periodicity 
(The example seit is Group A rainfall during Cycle 6-data from Table 5-III) 

























































































Ordinal Rank 1. Rainfall (see Table 5-113) 
of Rainfall 2. Fisher-Yates Ordinal Scores (FYOS) 
X FYOS s|mM|[T|/w|T|F s | R 
59 - 20 20 
37 1615 +8 | 420} +15 o}| —11] -11} — 3) +18] Dr2413 
37 13 15 +4)+6/+1/]-3 0; —11} —11 | —14 Dg 307 
26 11 11 —11 | -11}/4+2/+4)]-—3)] —-11 0} —30 Deo 843 
22 10 10 +11 | 415 | +10] —11 | -11 1 + 5] + 8] +27] Dp 813 
21 8 «8 +12 | +30 | +28 | -10 | -25 | -28| —6| +1 
21 7 8 = : 
16 6 6 3. Five-class 4-5-5-5-9 
14 5 5 
11 4 4 +1) 42] +42 1 2 2 1 1] Dr 584 
1 3. 4 o| +1 o| -1 o| -—2/ -2] -—4] Dp, 93 
5 2 2 25} 2 0 o| -1} -2] -1} -8]| De199 
4 1 1 +2; 42] 41) -2] -2/ +1] +11 +3] Dp 1845 
2 0 o +1! 43}; 43) -4| -s| -s| -3] -10 
2 0 o - 
2-41 0 4. Three-class 9-10-9 
1 2-3 
1 —3 —3 | 41) 41] 41 o{ -1| -41 0; +1 Dr 180 
1 —-4 -3 o| +1 0 0 oj; -1) -1! -1] "Dp 29 
0 -—5 -11 -1| -1 0 0 o}; -1 0! -3} "De 45 
0 -—6 -11 +1] 42} 41) -1; -1] 411 41] +3! Dp 42 
o -7 ~i1 +1| +2] +2| -1| -2| -2 0 0 
o —8 -11 — 
o -10 -11 5. Two-class 11-17 (0.10 inch) 
0 -11 —11 2 
0 -13 —11 1 1 1| 0! of of o| 3 | Dy 668 
0 -16 11 1 1 0 0 0 0 0 2 | Dp 1.68 
0 —20 11 0 0 0 1 0 0 0 1 | De 1.% 
$293 0 41 1 1 1 0 o| 1 1 5 Dp 1.73 
SS 2413 3 3 2 1 | 0 1 1 | 11 
SUMMARY 
CC(28) CC(28)p cc(7) Phase 
r | SF | + | SF r | SF days 
1. Rainfall 0.579 | 163 | 0,652 440 0.928 52 0.96 
2. FYOS 0.581 170 | 0.621 220. 0.982 817 1.10 
3. Five-class 0.562 115 0.613 179 0.962 184 1.04 
4. Three-class 0.485 29 0.529 37 0.970 294 0.97 
5 0.509 | 0.588 | 106 0.947 92 0.72 


. Two-class 


43 
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this would seem to be unavoidable. A similar grouping of data is made for 
each case where two or more successive values are identical. 

The adjusted FYOS numbers in the third column are substituted in Part 2 

of the table in the places corresponding to the rainfall data of Table 5-III. 
The deviances are given at the right-hand margin. At the foot of Table 6-VI 
are the corresponding values of CC(28), CC(28)r, and CC(7), and the phase 
angles. ; 
In the next section of the table, Section 3, a similar analysis is made for the 
rainfall, divided into five classes. The numbers at the head of the table, 4-5-5-5-9, 
show the numbers of days included in each of the five classes, the last class 
being 9 because there are 9 days without rain. 

Section 4 gives an analysis in terms of the 3-class method, the classes being 
chosen to give 9-10-9 days. Finally, Section 5 of the table contains an analysis 
according to the 2-class method, taking, as we did before, ‘the class limit of 
0.10 inch. 

The most striking conclusion from this comparison of methods with periodic 
correlation coefficients as high as these is that there is no very great effect 
upon the correlation coefficient by changing from one method to another. 
The phase is also not much changed by the choice of the method. 

In general, the 2-class and the 3-class methods give tower significance 
factors than the 5-class or the FYOS method. 

During the period from April 1950 to August 1950, we considered that 
either the 3-class or the 5-class method was probably superior to the use of 
the direct rainfall, and also it involved less labor in calculations. For the data 
of the Group A stations, we used the 5-class method. Later, in handling much 
More numerous data for the 15 other subdivisions of the United States, we 
adopted the 3-class method. After January 1950, the FYOS method was chosen 
as the standard method that probably gave the fairest value of the significance 
factor, but the difference was not considered to be sufficiently great to warrant 
the recalculation of all the 3-class data already obtained from Cycles 2 to 11. 
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CHAPTER 7 


THE CUMULATED SIGNIFICANCE OF PERIODICITIES 
IN RAINFALL OVER LARGE AREAS DURING FIVE 
SUCCESSIVE 28-DAY CYCLES 


THE METHODS of evaluating the significance of rainfall periodicity for single 
28-day cycles have been developed in Chapters 5 and 6 and have been illustrated 
in Tables 5-VI to 5-IX and Table 6-VI, and by the data of the Group A stations 
in Cycle 6 taken from Table 5-I. 

The present chapter will make a comprehensive survey of all the data in 
Table 5-I during the first five months of periodic seeding and will compare them 
with corresponding data from a nonseeding interval in 1947-1948 from Table 5-II. 

In the margins of Tables 5-I and 5-II, the basic data for a variance analysis 
are already given in the form of values of the deviances D,, Dp, De, and D,, 
together with the correlation coefficients and the phases, but no evaluation 
has so far been made of the significance factors corresponding to the periodic 
deviances. Later in this chapter, we shall consider the general geographic 
distribution of the 7-day periodicity in rainfall over the United States. 

A summary of the calculation of the correlation coefficients, the signific- 
ance factors, SF, and the phases from the data of Tables 5-I and 5-II is con- 
tained in Table 7-I. Columns 4, 6 and 8 contain the significance factors cal- 
culated by Eqs. (5-14) or (5-18). 

For CC(28) the significance factors are calculated by taking m = 12.5; 
for CC(28),, m = 11; and for CC(7), m = 2. 

The last line of data in the row marked ‘‘All’” is based on the sums, C, 
for the 20 weeks as given at the foot of Table 5-I under the heading ‘‘All Five 
Cycles Taken Together (140 days).” The correlation coefficients in this line 
(Columns 3 and 5) are thus CC(140) and CC(140), The corresponding signi- 
ficance factors are obtained from a variance analysis in which the total degrees 
of freedom d, = 139 are allocated to d, = 19 for the 20 weeks, d, = 2 for 
the periodic correlation, and d, = 118 for the residual degrees of freedom. 
This gives m = 59. 

Columns 9, 10, 11, and 12 contain, respectively, S, the sums of the rains 
for each of the 28-day cycles, and the three deviances, D,, D,, and the residual 
deviance D,, where D, is simply the difference between D, and D,. 

The significance factors for some of the cycles are rather low; for example, 
for Cycle 3 the values are only 3 or 4; they are also low for Cycles 2 and 5: 
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Summaries of Data from Tables 5-I and 5-II and the Significance Factors, SF, 
Calculated by Equation (5-14) or (5-18) 
A. Rainfall Data at Group A Stations 



























































Cycles 2-6 
December 1949-April 1950 
Col. 1] 2 3 | 4 5 | 6 7 | 8 9 to | 11 | 12 13 
+ CC(28 CC(28 CC(7 = 
Cycle | cor. (28) (28)n ”) = Ss Dr Dp Dz cos(# ou) 
deg.| + | SF | + | SF | + | SF ou = 82 
7 ; 
2 | 86 | 0.385 7 |0.436| 100.938 | 68 | 642 | 17,786] 2641 | 15,145] 0.998 
3/125 | 0.310 4 10.319 30.713 | 4 | 586 | 12,772) 1231 | 11,541] 0.743 
4 |132 10.516 | 48 1/0.542| 460.984 | 940; 379 8379] 2229 | 6150] 0.643 
5 | 42 }0.418] 11 | 0.423 9 ]0.817| 9 | 332} 8757] 1528 | 7229] 0.766 
6 | 49 10.579 | 163 10.652 | 440 /0.928| 51 | 293 5945] 1990 | 3955! 0.839 
All | 87 |0.325 | 2140 |0.359 | 3500 |0.945 | 104 | 2232 | 57,172] 6052 | 51,120 . 
Sums| 2232 | 53,639] 9619 | 44,020 
| Avg 0.798 
B. Rainfall Data at Group A Stations 
Cycles 2-6" 
December 1947-April 1948 
|e CC(28 CC(28 cc( - = 
Cycle | cor. (28) (28)r | (7) jos Dr Dp icos(? #u) 
___|deg.| + | SF | r | SF |r | SF ; eae = 122° 
“2” {167 |0.227 | 1.9 |0.246| 2.0 [0.562 | 2.1 193| 9749| soz | 9247! +0.707 
“«3°" (132 10.074 | 1.1 |0.076 | 1.1 |0.206| 1.1] 196! 2406] 13 2393] +0.985 
“4? 1234 10.359 | 5.6 |0.382 | 6.3 |0.825| 9.9| 395 | 11,427] 1471 | 9956] —0.375 
“57 1342 |0.024 | 1.0 |0.028 | 1.0 |0.056 | 1.0| 345] 8506} 5] 8501] —0.766 
_*6” | 81 [0.449 | 16.5 10.508 | 26.6 |0.731 | 4.6 | 286 | 5153| 1038 | 4115] +0.755 
Au 1169 |0.094] 1.8 [0.105 | 1.9 |0.478 | 1.7 | 1415 |38,385| 338 | 38,047 
Sums] 1415 | 37,241] 3029 | 34,212 
Avg 0.260 





























but are larger in Cycles 4 and 6, reaching 400 in Cycle 6. However, the signi- 
ficance factors for all five cycles taken together are very much higher, being 
2140 from CC(140) and 3500 from CC(140),. 

For SF calculated from CC(7), the value for the total of the five cycles 
is a mean of the values for the separate cycles. Being based only on the seven 
C values, the exponent m, in Eq. (5-18), remains equal to 2, so that SF does 
not increase with the number of 28-day cycles used in the summation. 

The correlation coefficients CC(140) = 0.325 and CC(140)r = 0.359 in 
Columns 3 and 5 of the table are each about 75 per cent of the average of the 
values of CC(28) and CC(28), in Columns 3 and 5. In spite of the lower value 
of the correlation coefficients obtained by combining the five cycles, the signi- 
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ficance factors obtained are very much greater, because m in Eq. (5-18) increases 
in proportion to d,, and thus the exponent increases linearly with the number 
of cycles that are combined. 

Weekly periodicity in rainfall has the characteristic of a vector quantity. 
It has a magnitude and a phase. In calculating correlation coefficients and 
significance factors by combining several cycles, applying the methods illustrated 
in Table 5-III, we have treated the product terms X cos 6 and X sin 6 as ortho- 
gonal vector components of the periodic amplitude defined by Eq. (5-11). 
Thus, 


A=y2D,/N. (7-1) 


Thus, if we add cycles identical in phase, the resultant amplitude of the com- 
bined cycles is the same as that of the individual cycles. We see, however, 
from Eq. (7-1) that if A stays the same, then D, increases in proportion to N. 

If, however, the phases in the separate cycles are distributed in random 
manner, the product sums S(X cos 6) and S(X sin 6) do not increase in pro- 
portion to N but rather in proportion to YN. Thus, A varies inversely as //N. 
According to Eq. (7-1), this means that for a random distribution of phases 
among the cycles, D, no longer increases in proportion to the number of cycles 
but remains approximately constant. The total deviance D, increases in pro- 
portion to N whether or not the phases are the same in the different cycles. 

The correlation coefficient r = CC(28) also has the characteristics of a vector 
and we may thus combine the effect of a succession of cycles by obtaining 
the vector mean. According to Eq. (5-8), the value of r in general is given by 


r=yD,ID; . (7-2) 


Thus, from Eqs. (7-1) and (7-2) we can take either /2D,/N or yD,/D; 
as vectors and for successive cycles combine them vectorially, taking into 
account the phase angle for each cycle. 

The Fisher variance analysis illustrated in Tables 5-VI to 5-IX shows that 
the variance ratio F is given by Eq. (5-17) in terms of r, but it may also be 
expressed in terms of D,/D,. Thus, we have the equation 


VFim = yD,[D, = rlV1=*. 733) 


All of these quantities, A, r, and ~/F/m, and their equivalents according 
to Eqs. (7-1), (7-2), and (7-3), are vectors which may be used in combining 
separate 28-day cycles of periodic rainfall. 

Because the periodicity of rainfall may be described in terms of any one 
of these vectors, we can combine the data from several successive 28-day 
cycles in different ways. Let us examine the relative merits of these methods. 

The correlation coefficients, CC(140) and CC(140),, and the phase ¢ = 87° 
in the line marked ‘‘All” in Section A of Table 7-I are vector means obtained 
by the method illustrated in Table 5-III, which is based on the summation 
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of product terms X cos @ and X sin 6 for the rainfall data for 140 days. This 
method is equivalent to the use of the amplitude A as a vector. 

The use of polar coordinate paper gives us a very easy method of determining 
vector means. If we want to use this method to get the vector mean phase 
of 87 degrees and CC(140) = 0.325 on the line marked ‘‘All” in Section A 
of Table 7-I, we should use a quantity as a vector which is proportional to 
the amplitude A. Thus, in accord with Eq. (7-1), we can use /D,. If we 
take j/D, from each of the five values listed in Column 11, multiply each 
by cos (¢—¢,), sum these products and divide by 5, we obtain the mean 
value of }/D, for the resultant. By squaring this, we get the effective mean 
value of D, itself. In this way, we obtain a value D, = 6130 in good agreement 
with 6052 at the foot of Column 11, and this value is only 63 per cent of that 
obtained by summing the five values of D, for the five cycles. From the final 
effective value of D, and the value D, at the foot of Column 10, we can calcul- 
ate the correlation coefficient CC(140) = 0.325. 

A comparison of CC(140) and CC(140), and their SF values in Section .A, 
Table 7-I, with the corresponding values in Section B enables us to determine 
the significance of the periodicity observed during Cycles 2 to 6. 

In Section B these correlation coefficients are very small, about 0.10, and 
the SF’s are both less than 2.0. The value of CC(7) is 0.48, which gives SF = 1.7. 
In this no-seeding year (Section B) the SF values for the whole 140-day in- 
terval are less than at least 60 per cent of the values for the individual cycles. 

The contrast between these data and those for the year of periodic seeding 
(Section A) is very striking. Thus, for the 140-day interval of Section A, the 
values of SF in Columns 4 and 6 are 2140 and 3500—very much greater than 
any of the values for the separate 28-day cycles. 


The Nearly Constant Phase of the Rainfall Periodicity in Successive Cycles,’ 
: 2 to 6, at Group A Stations ; 


The high values of SF for Section A during the interval of periodic seeding 
are largely the result of the nearly constant phase of the rainfall during the 
five cycles. Let us make a comparative study of the variance of the phase 
as given for Sections A and B. We can take the (data of Section B to be typical 
of a normal nonseeding year. Let us, therefore, consider the characteristics 
of the phase variation during Cycles ‘‘2” to ‘‘6” (Section B). 

When the phases given in Column 2 of Section B are plotted as vector 
dials on polar coordinate paper, with 7 as the radius vector and ¢ as the vector 
angle, the five points appear to be scattered in a nearly random manner. A. 
statistical vector analysis of a kind that we shall describe later gives a signi- 
ficance factor of only 1.3 for the hypothesis that the points have a preferred 
phase. The vector méan phase of $y = 169° at the foot of Column 2 of Sec- 
tion B was obtained by the analysis in Table .5-I, which is equivalent to the use 
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of the amplitude as a vector—Eq. (7-1). The mean vector phase ¢y = 122° 
at the head of Column 13 was obtained by using r = CC(28) as a vector. The 
vector mean value of r was only 0.0090, in rough agreement with the value 
found by using A as a vector as given at the foot of Column 3 in Section B. 
Such a large change in @M from 169° to 122°, caused by using r instead of A 
as the vector, is another indication that these phase angles for the rainfall 
in Cycles ‘‘2” to ‘‘6” have very little significance. 

Before making an analysis of the variance of the phases in Section A for 
the seeding cycles, we must note that the values of ¢ in Column 2 are not 
all the same as are given in Table 5-I. The phase angles for Cycles 4 and 6 
have been increased by adding 25.7 degrees. This correction, which amounts 
to 0.50 day, has been made because in Cycles 4 and 5 seeding was done only 
on Tuesday and Wednesday, as shown in Table 41, whereas in the other 
three cycles the seeding occurred on Tuesday, Wednesday, and Thursday. 
The average of the seeding days was therefore 1/2 day earlier in Cycles 4 and 5. 
The corrected phases, ¢,,,, thus serve to measure the time lag between the 
maximum of the rainfall at the Group A stations and the average time of seeding. 
Since we are interested in detecting any relationship between seeding and the 
subsequent rains, it is reasonable to make this correction. 

The arithmetical average of the uncorrected phases for the five cycles in 
Table 5-I is 77 degrees, which is the same as the value found by using the 
amplitude as the vector as given at the foot of the table. The standard deviation 
(S.D.) of the phase for a single month is +43 degrees. 

The arithmetical average of the five corrected phases, ¢,,.,, in Column 2 
of Table 7-I gives 87 degrees (with a S.D. of +41 degrees), and this is the 
same as the vector mean phase using the amplitude or WD, as a vector. 

If, in a similar way, we use r or CC(28). we get the value dy = 82°, as 
given at the head of Column 13 in Section A. The third vector which was 
described in connection with Eq. (7-3) corresponding to VD,[Dy gives for 
the mean phase dy = 83°. 

The three values of ¢, obtained by using three different vectors, yD, , 
VD,/|D;, and Y'D,/Dg , are all within the range from 82 to 87 degrees: a 
5-degree spread as compared with the 47-degree spread in the values of dy 
for the nonseeding cycles. This is just another indication that the phases are 
much more significant in the seeding cycles. 

The values of cos (¢—@,) are tabulated in Column 13 and give the relative 
magnitudes of any vector components in the direction of the resultant phase. 
The use of these cosine factors may be illustrated by calculating an approxi- 
mate value of the 140-day periodic deviance D, = 6052 given in Column 11 
of Section A. This value was obtained from Table 5-I. 

If we take )/D, from each of the deviances in Column 11, multiply each 
by cos (¢—¢y), and sum the products and divide by 5, we obtain a mean 
value of /D, . By squaring this, we get the effective mean value of D, itself 
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for one month. By multiplying this by 5, we obtain the value D, = 6130, 
which checks within one per cent with the value 6052 in Column 11. The small 
difference results from slight changes in ¢,,, depending on whether we are 
using the vector /D, or YD,/D;. We have previously calculated that if the 
five cycles were alike in rainfall, S, in phase, ¢, and in periodic deviance, D,, 
we could combine them by adding the five D, values to get 'D, = 9619 for 
the 140 days and adding the five D, values to get D, = 53,639. This would 
give CC(140) = 0.421 and SF = 760,000. 

If, however, the five values of S and D, for the separate cycles are those 
given in Columns 9 and 11, it is no longer permissible in calculating CC(140) 
to get D, and D, values for the 140 days by merely adding the corresponding 
deviances for the separate cycles, even if the phases were alike. 

The periodic deviance D, for the 140 days depends rather upon the sum 
of five terms: YD, cos(¢—¢,), one for each cycle. When the phases are 
made alike so that cos(@—,) becomes unity, we merely need to add five 
YD, terms for the cycles, square this sum, and divide by 5 to get D,. 

We thus obtain D, = 9452 for the 140 days. This divided by D, = 57,172 
(in Column 10) gives r*, where r = CC(140) = 0.407 and SF = 240,000. 
This is about one tenth of the continued product of the five SF values in 
Column 4. The effective value D, = 9452 is 1.7 per cent less than 9619, the 
sum of the five D, values for the five separate cycles. This lowering of the D, 
value is the result of adding /D, terms instead of D, in combining the data. 

The relatively small variance in the phases ¢ in Column 2, corresponding 
to a standard deviation of only 41 degrees, is solely responsible for a lowering 
of CC(149) from 0.407 to 0.325, with a decrease in SF from 240,000 to 2140. 

A vector analysis of these phases using //D,/D, ‘shows that the five points 
are scattered within a single quadrant, and for the hypothesis that the points 
are not randomly distributed, the SF value is 21. 

In testing the Seeding Hypothesis that the 7-day periodicity in rainfall 
has been induced by periodic seeding, we have thus far relied mainly on the 
statistical significance of CC(28) values during seeding cycles in comparison 
with those of CC(28) values during nonseeding cycles. 

The periodic deviances D, are, however, always associated with correspond- 
ing phase angles ¢, and statistically, since D, and ¢ involve two degrees of 
freedom, the phases should be just as valuable as a test for the Seeding Hypo- 
thesis as are the CC(28) values. 

In nearly all of the cycles that have shown high values of CC(28), the maxi- 
mum rainfall has occurred on nearly the same day of the week in successive 
weeks, so that, in general, high values of CC(28) have been associated with 
a near constancy of phase for four weeks. The data of Section A of Table 
7-I show that the near constancy of phase lasted throughout the five 28-day 
cycles. The significance of this constancy of phase is only partly expressed 
by the significance factors SF shown in Table 7-I. 
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In general, our test for the Seeding Hypothesis can be resolved into three 
questions: 

1. Are the periodicities, CC(28), CC(140), etc., real (statistically signi- 
ficant)? This can be answered by determining SF values during seeding 
and nonseeding cycles. 

2. Are the phases real (statistically significant)? One test of reality is con- 
stancy of the phase. Later, we shall develop statistical methods of cal- 
culating significance factors for the variance of phases. 

3. Do the actual values of the phases behave in reasonable accord with 
the Seeding Hypothesis? 

Our studies of Question 1 (Q. 1) have shown the need of careful consider- 
ation of some of the special characteristics of rainfall, such as skewness, per- 
sistence, etc. Although this has complicated the porn it has not proved 
to be a very serious obstacle. 

The problems involved in the variance of phases (Q. 2) is greatly simpli- 
fied because there appears to be no naturally occurring persistence of phase. 
from one 28-day cycle to the next. 

Mr. Glenn Brier of the Weather Bureau, after a detailed study of 7-day 
periodicities in pressures extending over 50 years and in upper-air temperatures 
(700 mb) for 15 years, stated in January 1951 that in the data from years before 
1949 he had been unable to detect any significant autocorrelation between 
the phases in successive 28-day cycles. Also, there was no significant tendency 
for the phases (maximum temperatures or pressures) to occur on certain pre- 
ferred days of thé week, such as might conceivably be caused by the reduction 
in industrial activity (smoke, etc.) on Sundays. 

With reference to the third’ question: (Q. 3), let us consider the time. lag 
in days between the phase of the rainfall at the Group A stations and the mid- 
point of the weekly seedings ¢, = 3.0, The mean phase of the rainfall during 
Cycles 2 to 6 was $y = 82° or 1.60 days. This represents an average time 
lag of 5.60 days from the seeding ‘of the preceding week at. Socorro, N.M., 
which is 1200 statute miles from the center of gravity of the Group A stations. 

Considering the maximum, 132 degrees, and the minimum, 42 degrees, 
of in Column 2, we find the time lag-ranges from 4.82 to 6.57 days, with 
a’ mean of 5.60. Thus; the highest and ‘the lowest . time lags differed by only 
about +15 per cent from the mean. 

In accord with the Seeding Hypothesis, we may assume that the silver iodide 
smoke drifts across the southwestern states for several hundred miles before 
it encounters moist air from the Gulf of Mexico in the states just west of the 
Mississippi River, and there causes cyclogenesis. 

It would be more reasonable to measure the time lag between<fainiall and 
seeding as the internal between the mid-point of the seeding and the maximum 
rate of growth of the rainfall, which would come 1.75 days before the maximum 
rainfall. . 
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This would give time lags ranging from 3.07 to 4.82 days. The rate of pro- 
pagation of the effect over the 1200 miles (not allowing for a possible latent 
period in the development) would thus be from 400 to 250 miles per day or 
between 16 and 10 statute miles per hour. 

These time lags are in reasonable accord with the Seeding Hypothesis. 
On this basis, we should not expect any high degree of constancy in the rainfall 
phases over intervals of several months, but on the other hand, we should 
never have any large variations in phase such as those shown in Section B 
of the table for the nonseeding cycles. 


A Comparison of the Methods of Evaluating the Significance of Periodicities 
in Successive Cycles 


Many methods may be used in estimating the significance of periodicities 
which occur in successive cycles. The periodicities of the separate 28-day 
cycles are each characterized by a phase angle $, but the magnitude of the 
periodic component can be expressed in many ways, as, for example, in terms 
of such quantities as CC(28), CC(28),, and CC(7). 

To get the combined effect of these separate periodicities, they must be 
treated as vectors. For example, these correlation coefficients or certain func- 
tions of them can be plotted on polar coordinate paper using ¢ as the vector 
angle and as radius vector any one of several quantitites that occur in Eqs. 
(7-1), (7-2), and (7-3). 

We may thus recognize three methods of combining the cycles correspond- 
ing to these three equations. 


Method A, Eq. (7-1) 

This depends basically upon calculating the mean amplitude A by plotting, 
using polar coordinate, values of A as radius vector and @ as the vector angle. 
The position of the center of gravity of the points, easily found graphically, 
gives a vector mean phase ¢, and the mean amplitude Ay. 

If we take as an example five 28-day cycles or a total interval of 140 days, 
the effective correlation coefficient by Eq. (7-1) is 

CC(140) = Ay V70/D; , (7-4) 
where D, is the total deviance for the 140 days. 

If D, is replaced by D,—D,; the same equation gives CC(140),. 

Instead of using graphical methods to combine the vectors, we may add 
orthogonal components of the vectors chosen with respect to any convenient 
axis. If we choose as axis the mean phase ¢,, obtained from the arithmetical 
mean of the observed phases or by a preliminary vector plot, the vector magni- 
tude YD, multiplied by cos(¢—,) or by sin(¢— x) gives the component 
parallel to and perpendicular to the mean phase. When we add the components 
in each set, the terms containing the sine terms balance out. 
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The general procedure for combining cycles, even of unequal length, is 
to add a series of terms each equal to ND, cos(¢?—,), square this term 
and divide by N; = N,+N,-+, etc., to get the periodic deviance D, for the 
whole interval of N, days; then to divide this by D, or D;— Dg, which gives 
r*, where r is CC(N,) or CC(Nz)p- 

For the more usual case of a number M of cycles of equal length, the rule 
- becomes: Add together M terms, yD, cos (¢—¢,), one for each cycle; square 
this sum and divide by M to get the value of D, for the whole set of M cycles. 

To calculate SF from values of r obtained by this procedure, we must 
know the residual degrees of freedom d,. For five 28-day cycles, we calculate 
CC(140) by Eq. (7-2) and we have d, = 140—1—d, = 137 and m = 68.5, 
but to get CC(140), we replace D, in Eq. (7-2) by D; —D, and then d, = 140— 
—20—2 = 118 and m= 59. 


Method B, Eq. (7-2) 


For five 28-day cycles, CC(140) is the arithmetical mean of the values 
of CC(28) cos(?—¢y) for the five cycles; or CC(140), is the mean of the 
CC(28), cos(?—¢y) values. 

These values of CC(140) and CC(140), are different from those calculated 
by Method A. We may use the symbols CC(140), and CC(140),, to indicate 
that they are obtained from r values. In calculating SF by Eq. (5-18), it must 
be recognized that the residual degrees of freedom d, for CC(140), and CC(140),, 
are different from those of CC(140) and CC(140), obtained by Method A. 

For CC(140), we have d, = 140—5—4—2 = 129, so that m= 645. 
For CC(140)s,, dg = 140—20—4—2 = 114, so that m = 57. To understand 
these deductions from 140, let us re-examine the degrees of freedom for a single 
28-day cycle. The 28 observations can be used to calculate the rainfall sum, 
S, and the 14 values of D, for 14 harmonics and 13 phases. If we divide all 
the D, values by D, we can then list the quantities obtainable from the 28 
original data as S, D,, and 14 correlation coefficients r and 13 phases ¢, but 
the 14r—values are not all independent since the sums of the 14 values of 
r* must be equal to unity. 

Let us now consider that Method B is used to get CC(140), from the 140 
original data. We can subtract the average rainfall, S/28, for each cycle from 
the values of X for that cycle and then can divide all values of X in each cycle 
by //D, for that cycle. We have thus subtracted from the 140 the number 
of observations, five units for the five values of S that we have eliminated, 
and four more units for the four degrees of freedom that correspond to the 
five values of D, that have been withdrawn and are thus no longer available 
in the residual data. 

There thus remain only 140—5—4 or 131 degrees of freedom, but this 
residue contains all the information needed to get CC(140), and its phase 
(dp = 2), leaving d, = 129 for the residue or m = 64.5. 
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For the case of CC(140),, the analysis is the same, except that we now 
subtract instead of five for the five S values 20 units of d, for the 20 weeks, 
giving dy = 114 or m = 57. 

Method C, Eq. (7-3) 

For five 28-day cycles we get the arithmetical mean of five terms, (r//1—r*) 
cos(?—@y), one for each cycle. Or, we can get the same result from 
the mean of //F/m terms or the mean of /D,/D, terms. By squaring this 
mean and adding 1, we get the value of 1/(1—r2) where r, = CC(140),, the 
subscript being used to designate the method that involves the use of //F/m 
(Method C). In a similar way, CC(140),, can be calculated if we use CC(28), 
in place of r in obtaining the vector mean. There is no further difficulty in 
calculating SF because the residual degrees of freedom d, are the same as 
for Method B. 


Reasons for Choice of Method 

The relative merits of these various methods for combining the effect of 
periodicities in successive cycles depend on the magnitudes of D, and D, 
and the way that these are distributed among the different cycles that are 
being combined. 

The Fisher theory is used to determine whether or not N, observations 
in a rectangular array are distributed in a random way among the rows, columns, 
cycles, etc. 

It is not necessary in the application of the Fisher theory that the original 
data consisting of an array of N, values of X should correspond to a normal 
distribution. If the analysis shows that there are certain relationships as in- 
dicated by significant variance ratios, it is possible to divide the total deviance 
into components such as D,, Dj, and D;. The effect of these relationships 
can be subtracted out from the original data. 

For example, the average values of the values of C for each column or the 
average of r from each of the rows can be subtracted from the data in the 
columns and rows, and thus the residual values of X can be obtained. The tables 
of F used in the Fisher theory are based on a postulate of a normal distribution 
of the variate, but this rormal distribution need only apply to the residual 
values of X, those whose deviance corresponds to D,. In general, the variate 
components that correspond to the other deviances such as Dz, Dc, Dp, or 
even D, do not and do not need to have normal distribution. 

We have already applied the Fisher theory to rainfall data which show 
a 7-day periodicity but have a marked skewness, persistence, or other char- 
acteristics that indicate a nonnormal distribution. If we subtract out the 
7-day periodic component calculated by a regression equation, we have ob- 
viously left within the residual variate terms, which correspond to the de- 
viance D,, most of any such features as skewness and short-term persistence 
that characterize the original data. It is for this reason that the strict applic- 
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ability of the Fisher theory to rainfall data needs to be tested by comparison 
with prior years so that corrections can be made, if necessary. 

Whenever significant relationships are found to exist between groups 
within the rectangular array of variate values, such as those that correspond 
to the deviances associated with the rows, columns, and cycles or periodicities, 
these deviances should be subtracted from D, in getting the residual deviance 
D,, but it must be remembered that the corresponding degrees of freedom 
d,, dc, etc., must be subtracted from d, in getting the residual degrees of 
freedom d,. If the F values for columns, rows, etc., are highly significant, 
the decrease in D, will more than outweigh the decrease in d,, so that SF 
for the periodicity is increased. 

The relative merits of the various methods of combining the data from 
successive cycles to get an over-all estimate of the significance of the 7-day 
periodicity depend upon the extent to which they eliminate the effects of 
important relationships between variate components that would otherwise 
remain hidden within the residual deviance. 

Applying these considerations to the data of Table 7-I, we find in Section A 
that the values of S, D;, and D, in Columns 9, 10, and 12 all show a very 
marked decrease in successive cycles. Thus, the rainfall sums, S, decrease 
from 642 to 293 from Cycles 2 to 6, a ratio of 2.2 to 1. The deviance D, de- 
creases from 17,786 to 5945, a ratio of 2.99 to 1, and D, decreases from 15,145 
to 3955, a ratio of 3.83 to 1. These do not seem to be random deviations. An 
analysis like that which we have made in calculating CC(140), which ignores 
such relationships, seems inadequate. 

To test the significance of this decreasing tendency in the values of S, 
D,, and Dg, we may calculate the correlation coefficients CC(5) between 
each set of five values and the corresponding ordinal numbers of Cycles 2, 
3, 4, 5, and 6. For these correlation coefficients, the variance ratios F[F 
= 372/(1—r*)] according to Eq. (5-17) and the significance factors SF are given 
in Table 7-II. 


Tare 7-11 


Secular Trends in Rainfall S, Total Deviance D,, and 
Residual Deviance D, during Cycles 2 to 6 at Group A 








Stations 
| s | Dr | Ds | SvsDp 
cc(s) | —0.958} —0.930} —0.938 | +0.945 
F 34 18 22 25 
SF 100 42 54 | 63 














The values of SF range from 42 to 100, so the decreasing trend in S, Dr, 
and D, and the correlation between S and D, are real, i.e. they are not due 
to random fluctuations. 
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The phases ¢ in Column 2 of Section A of Table 7-I show no significant 
trend or relation to S or D,;. 

An examination of the corresponding values of S, D,, and D, for Cycles 
“2” to ‘6 in Section B of Table 7-I for the nonseeding cycles shows no 
tendency for these quantities to decrease. The correlation between the ordinal 
numbers and S is +0.59 with SF less than 3. The correlation CC(5) between 
S and D, is only +0.41 and has negligible significance. 

Table 7-III illustrates the application of Methods A, B, and C for combining 
the periodicities in successive cycles for rainfall data of Group A stations 
during the five seeding and the five nonseeding cycles (Table 7-I). The methods 
which tend to eliminate from D, the hidden relationships revealed in Table 
7-II are those that give the highest significance factors for the 7-day periodicity 
during the seeding cycles, but these methods give no enhancement in the SF 
values for the nonseeding cycles, so that in every case the nonseeding cycles 
show no significant 7-day periodicities. 


*Tasie 7-111 


Evaluation of the Significance of the Periodicities in Rainfall at Group A Stations 
According to Various Methods for Combining Successive Cycles 





Deviance Cycles 2-6 \Cycles‘‘2’?~"*6”? 








Method} Vector correction dz r 1 949-1 950 1947-1948 
for 140 days ; SF ; SF 
A(1) | 4, VDp _ 137 | CC(140) | 0.325 | 2140 | 0.094 | 1.76 


AQ) | 4, YDp| 20 rows, 10,318 | 118 | CC(140., | 0.359] 3500 | 0.105 | 1 8g 
AG) | A, yDp| 5 eveles, 3,825 | 133 |CCM14 ye |0.336| 2800 | 0.095 | 1.84 
ACs) | 4, Dp| Trend cycles, 3,235 136 |CO(140)erend) 0.335, 3300 | — 
| For 140 days Dp = 6052; Dr = 57,172 























B(1) |r=CC(28) ‘ - 129 | CC(140)r | 0.350 4600 | 0.084 | 1.6 
B(2) |r=CC(28)r _ 114 | CC(140)z, | 0.378 6600 | 0094 | 1.76 
B(3) |r=CC(7) _ 24 | CC(35)r 0.701 3330 | 0.160 | 1.37 
r/Yi-r: | | 
where | 
C(1) r= CC(28) _ 129 | CC(140)p | 0.371} 14,000 | 0.084! 1.6 
C(2) r= CC(28)p = | 114 CC(140)rr | 0.407 | 30,200 | 0.105 | 1.88 




















C(3) pace) _- 24 | CC(35)r | 0.903 6x 10°} 0.177 | 1.46 








The first four examples, A(1), A(2), A(3), and A(4), illustrate the application 
of Method A. They differ in the manner in which the R or S values for 
the weeks or cycles are used to reduce the value of D, used in calculating 
CC(140) from /D,/D; by Eq. (5-8). 
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The first example, A(1), is the same as that in the line marked ‘‘All” in 
Columns 3 and 4 of Table 7-1; A(2) which corresponds to CC(28), and SF 
in Columns 5 and 6 has been calculated by replacing D, by D,—D,, where 
Dz, equals 10,318 for the 140 days in Table 5-I. 

In the example A(3), we subtract from D, the deviance for the cycles, 
D,yo = 3525. This is calculated by getting the sum of the squares of the five, 
S terms in Column 9, dividing this sum by 28 (for the days in each cycle) 
and subtracting the square of the 140-day sum divided by 140. These quantities 
are all listed in the right margin of Table 5-I. 

The example A(3) gives SF = 2800, which lies about halfway between 2140 
for A(1) and 3500 for A(2), although D,,, is only 3525 or 34 per cent of Dg. 

Table 7-II showed that the five 28-day sums S show a correlation coeffi- 
cient of —0.958 with the ordinal numbers of the cycles. The deviance due to 
this “‘trend,” Dread = (0.958)? X 3525 = 3235, is almost as large as 3525, 
but it corresponds to only one degree of freedom instead of four. The increase 
in d, more than compensates for the decrease in r, so that SF rises to 3300, 
nearly as large as the 3500 obtained in A(2) from CC(130),. 

In the examples B(1), B(2), and B(3), we have averaged the values of r 
cos(¢—¢y), where r was taken to be CC(28), CC(28)z, or CC(7). The values 
of r increased in steps from 0.350 to 0.701, but d, and m decreased. The highest 
value of SF = 6600 for B(2) was found from the average obtained from 
CC(28),. This is to be compared with SF = 3500 for example A(2), which 
was also corrected for rows. The increase in SF from 3500 to 6600 by using 
Method B(2) instead of Method A(2) results from the elimination of the trend 
of the D, values shown in Table 7-III. 

In the use of r = CC(7) as a vector in example B(3), the residual degrees 
of freedom are d, = 35-5 —4—2 = 24. The value of CC(35), can be calculated 
from the 35 values of C, each being the 4-week sum for one day of the week. 
The seven C-values of each cycle suffice to determine CC(7) and @ for each 
cycle. Since we can take out from the data the five sums of the seven C-values 
and the values of D, without affecting our ability to calculate CC(7) for each 
cycle, we have evidently not used the degrees of freedom corresponding to 
the five 28-day sums or those for the D, deviances. 

The values of SF obtained by application of Method C are much greater 
than those given by Methods A and B. This difference depends upon the 
V'1—7* in the denominator of the variate r/y/1 —r* used as vector. The extremely 
high value CC(35), = 0.903 with SF = 6x10® in example C(3) is in part 
due to the very large value of CC(7) = 0.984 for Cycle 4. If we omit this 
cycle and apply Method C(3) to Cycles 2, 3, 5, and 6, we get CC(w8), = 0.862 
with d, = 19 and SF = 4x 105, very much less than 6 x 108, but still 13 times 
greater than SF = 30,200 given by Method C(2) for the five cycles. 

The continued product of the five values of SF in Column 8 is 108, about 
the same order of magnitude as the SF obtained by Method C(3). 
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Probably, further study of Method C(3) should be made to determine its 
soundness. The 35 values of C upon which the method is based contain only 
information regarding the 7-day, 7/2-day, and 7/3-day periodicities and their 
phases during five successive cycles. This omission of other harmonics might 
in many cases make the analysis less sensitive to errors resulting from short- 
term persistence. Careful analysis needs to be made to determine whether other 
errors might be enhanced, especially when Method C is applied to r = CC(7). 


An Evaluation of the Significance of the Rainfall Periodicity at Fort Wayne, 
Cincinnati, and Knoxville in Cycles 2, 3, and 4, Shown in Table 4-VI 


The highest periodicity in rainfall that had been found up to the spring 
of 1950 at the time of the visit from the Landsberg Committee is shown in 
Table 4-VI, where the value of CC(7) for the three cycles was 0.963. Let us 
now apply the methods of variance analysis to the data of Table 4-VI to find 
the significance of the rainfall periodicity. The results of this analysis, using 
the rainfall data, are shown in Table 7-IV, and a similar analysis using Fisher- 
Yates Ordinal Scores (FYOS) are in Table 7-V. 

The first section of Table 7-IV is a variance analysis using all 84 rainfall 
observations, each the average of the rain at the three stations, expressed in 
hundredths of an inch per station day. 

The third column shows the degrees of freedom, d, corresponding to the 
deviances, D, in the second column. The corresponding variances are in the 
fourth column, while the fifth column contains the Fisher variance ratio. 
The last column gives the significance factor calculated by Eq. (5-14) or by 
tables of the F function where, for example, d, is equal to 11. 

The significance of the deviance D, is rather doubtful with SF = 4. On 
the other hand, the significance of the 7-day periodicity is very high with 
SF = 1200. 

The next section of the table gives CC(84),, CC(7), m, and SF. Since 
the significance of the rows is very moderate, the value of SF for CC(84),, 
SF = 1200, is only slightly greater than SF = 1010 from CC(84). Thus, 
the decrease in the value of m is nearly compensated by the increased value 
of r due to the correction for the rows. 

The third section of Table 7-IV lists the 21 averages in Table 4-VI from 
the 7 C-values for each of the three cycles. These data are again expressed 
in hundredths of an inch per station day. A variance analysis for these 21 
values made in the usual way leads to the deviances shown at the right-hand 
margin of the table. Corresponding correlation coefficients are given in the 
last section of the table. The correction for rows raises the correlation coef- 
ficient from 0.794 to 0.847, which much more than compensates for the decrease 
in the value of m, so that SF increases from 7800 to 24,000. 

Corresponding data obtained by the FYOS Method are in Table 7-V. 
The Fisher-Yates scores for each of the 28 days were formed into rectangular 
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Tasre 7-IV 
(see also Table 4-VI, page 227) 

Analysis of the Periodicity in the Rainfall at Fort Wayne, 
Cincinnati, and Knoxville for Cycles 2, 3, and 4 from 
11 December 1949 to 5 March 1950 
(Unit is hundredth of inch per station day) 

Variance Analysis (Method A) of the 84 Rainfall Observations of 























Table 4-VI 
| | D | d@ |Var | oF j SF 
1 1 1 

Total T| 49,700 83 | — - | — 
Rows R| 7045 11 | 640) 1.28 4 
7-Day Period | P| 7804 2 | 3902} 7.84 1200 
Residue E| 34,851 70 | 498} (1.00) 

| Y m | SF | 
CC(84) 0.396 40.5 1008 =109°= 
CC(84)z 0.428 35 1200 2.11 days 
cc(7) 0.963 2 185 





Variance Analysis of the 4-Week Ayerages of Rainfall by Days of 
the Week for Each of the Three Cycles 
































| i | 
Cycle | Ss |M vr jwir| | s/s 
2 ES ee Dr 3079 
2 23 |24| 36 | 20/15]12| 1 | 131 p, 372 
3 23 42 38 22 | 32 | 17 | 4 178 De 2095 
4 4 | 20) 28 | 34/15) 3] 3 | 107 Dp 1941 
Sumc | 50 | 86 | 102 | 76 | 62 | 32 | 8 | 416 
| + | m | SF 
cect) | 0.794 | 9 7770 
CC(21)z| 0.847 | 8 24,300 
cc(7) 0.963 | 2 185 





arrays, one for each of the 3 cycles. The sums of the columns for each cycle 
(values of C) are listed in the first section of Table 7-V. This also gives the 
phases in degrees and in days, and the vector components, cos(¢ —¢,,), parallel 
to the mean phase. The phases for the separate cycles are in remarkably close 
agreement, so that the vectors add together with only a very small correction 
for the differences in the phases. 

A variance analysis for the 21 C-values like the made in the last section 
of Table 7-IV gives a significance factor SF = 31,000. 
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TaBie 7-V 
FYOS Analysis of Rainfall Periodicity at 
Fort Wayne, Cincinnati, and Knoxville for Cycles 2, 3, and 4 
10X FYOS, 4-Week S c 
Cycles| bs psa Ps eo dog cos(¢—¢y¢) 
is |mMi1 Tr i|wifirf| Fils Um eee | ay 
2 | +10] 45 +20 +10 | — 6} —14| —27}] -2 | 99° | 1.92 0.961 
3 | —2]| +20} +26] — 2| +10] —20} —32] 0 | 103° | 2.00 0.978 
4 | -14|-—9] +28 | +35] +5] -19 | —26] © | 134° | 2.62 0.946 
SumC| — 6 | +16 | +74| +43 | + 9| -53] -85 | —2 | 115° | 2.23] — 1.00 
Variance Analysis of the 21 C-Values 
| D | a | Var. | F | SF 
Toial T 7542 18 — — ans 
7-Day Period) P 5469 2 | 2734 | 21.10] 31,000 
Residue E 2073 16 129.6 | (1.0) 
Columns jc | 5911 6 
CC(21) = 0.852 m=8 SF = 31,000 
CC(7) = 0.962 m=2 SF = 179 
| CC(28) CC(28)p cc(7) 
Cycles} Dr | Dr | Dp | Dg | De m= 12.5 m= il ma 2 
i r | SF r | SF r SF 
i 7 7 
2 | 2327 | 678 | 322 | 1317] 396 | 0.372 6 | 0.442 11 | 0.902 29 
3 | 2396 | 78| 484 | 1834 | 652 | 0.449 17 | 0.457 13 | 0.861 15 
4 | 2422| 385} 761 | 1274 | 837] 0.561 | 111 | 0.611 | 175 | 0.953 | 121 
All 7145 | 1141 | 1367 | 4637 | 1478 CC(84) CC(84)z CC(7) 
Sum | 7145 | 1141 | 1567 | 4427 | 1885 | m= 38.5 m= 34 =2 
r | SF r | SF r SF 
0.443 | 4500 | 0.483 | 8400 | 0.962 | 179 
A Comparison of the Rainfall with the FYOS Methods 
: Rainfall FYOS__ 
Method Method 
r | m | SF r | m | SF 
CC(84) | A(1, {0.396 | 40.5 | 1010) B(1) | 0.443| 38.5 | 4500 
CC(84)g | A(2) | 0.428 | 35 1200} B(2) | 0.483] 34.0 | 8400 
cc(7) — |0963| 2 185} — | 0.962] 2 179 
cc(21) — |0.794] 9 7800 — es ~ 
CC(21)p — |0.847| 8 |24,000) — | 0.852} 8 [31,000 
CC(84)p = — .— | — | C1) | 0.451] 38.5 | 6500 
CC(B)pp|  — — | — | — | ca | 0.494] 34 [13,700 
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The third section of the table lists the deviances from the data in each 
28-day cycle and for the 84 days taken together and gives CC(28), CC(28),, 
and CC(7) and their significance factors. 

In using the FYOS Method, careful attention must be paid to the degrees 
of freedom, d,, used in calculating the significance factors. The FYOS Method 
consists in substituting for the rainfall data ordinal scores that have an average 
value of 0 and a normal distribution with a standard deviation of unity. Slight 
departures from these conditions are imposed by the fact that several of the 
days have 0 rainfall and sometimes there are two days or more that have identical 
rainfalls. However, in principle, the total deviance of the FYOS values is the 
same for each cycle. By using the FYOS Method, we lose certain degrees 
of freedom because we impose certain relationships between the variates. 
For example, in the table of 21 values in the lower part of Table 7-IV, the R 
values are not 0, but in the FYOS Table 7-V every R is 0. Thus, in the table 
of the variance analysis in the second section of Table 7-V, we take d, = 18, 
6 for each of the three cycles. In the corresponding analysis of Table 7-IV, 
the value of d, is 20. 

The last section of Table 7-V gives a comparison of the values of 1, m, 
and SF from the rainfall data and the FYOS data on Tables 7-IV and 7-V. 
The degrees of freedom, and therefore m, are the same for the rainfall and the 
FYOS data where we have the 21 values, CC(21),, although no specific cor- 
rection was made for rows in using the FYOS Method. 

For the significance factor corresponding to CC(84), we use all the data 
of the 84 FYOS values, of which there are 28 in each of the three cycles. The 
sums of these FYOS values for each of the cycles adds up to 0, but the sums 
for each week separately are not 0, so that there is a loss of 2 degrees of freedom 
for the three cycles. 

We must also subtract another 2 degrees of freedom for what we may call 
the deviance correction. By using the FYOS Method, we impose the condition 
that the deviances D, for each of the separate cycles are made equal. The 
effect is as though we divided the rainfall data in each separate cycle by the 
standard deviation of the rainfall values for that cycle. We have, in fact, made 
the standard deviation for two of the cycles equal to that of the third and have 
thus lost two degrees of freedom. We must also subtract two degrees of freedom 
to form the periodic correlation coefficient and its phase, leaving d, = 83 —2— 
2—2 = 77, so that m = 38.5. 

In determining CC(84)z, we make a correction for each of the 12 weeks 
in the three cycles. Therefore, to get d, we subtract 11 from the 83 and subtract 
2 for the deviance correction and 2 for the periodicity, leaving d, = 68, from 
which m = 34. 

We did not make any deviance correction in calculatirg CC(21) because 
these degrees of freedom would be subtracted from the 84 original observations 
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and not from within the group of the 21 four-week sums listed in the upper 
part of Table 7-V. 

The two tables, 7-IV and 7-V, represent analyses of the rainfall data from 
Table 7-VI for Cycles 2, 3, and 4 at Ft. Wayne, Cincinnati, and Knoxville 
by two methods. To facilitate the comparison, a summary is given at the bottom 
of Table 7-V for the correlation coefficients and the significance factors of 
the rainfall data (Table 7-IV) and the FYOS data (Table 7-V). 

In this summary, for the FYOS data the values of CC(84), and CC(84)ay 
are given, calculated by Methods C(1) and C(2) from CC(28) and CC(28),, 
respectively. These values for 3 cycles are considerably larger than the cor- 
responding values in Table 7-III for 5 cycles, so by Method C(2) both SF 
values are about 30,000. 


The conclusions that can be drawn from the data in these two tables 
are: 


1. The phases during the three cycles remained remarkably constant, 
varying only from 99 to 134 degrees, so that the three values of cos(¢ —y) 
are greater than 0.94. The average phase by the FYOS Method is 115 
degrees, and by using the rainfall data itself, it is 109 degrees, a difference 
of only 6 degrees or 0.12 days, about three hours. 

2. The significance factors SF by the FYOS Method are considerably 
higher than those from the rainfall method, even though the number 
of degrees of freedom has been reduced. The SF values ranging from 
1000 to 31,000 are so large that the reality of the periodicity can hardly 
be doubted. Presumably, the reason for the higher values of SF is that 
the FYOS Method makes better allowance for the skewness of the rainfall 
distribution and so gives a better estimate of the true significance of 
the periodicity. 

3. The significance factors associated with CC(21) in both tables are very 
much higher than those from CC(84). This is probably a smoothing 
effect like that produced by using the averages of the rains at several 
stations instead of that at any one station. The 4-week sums used in 
calculating CC(21) involve only the 7-day, 7/2-day, and the 7/3-day 
periodicities in each cycle. This tends to screen out an overemphasis 
of the effects of the many harmonics, approximating two days, which 
are particularly affected by the day-by-day persistence discussed in 
Chapter 6. 

Tables, 4-VI, 7-IV and 7-V are based upon measurements of rainfall for 
three cycles at Ft. Wayne, Cincinnati, and Knoxville. These three stations were 
selected because they appeared to give the highest periodicities among the 
Group A stations and they were about equidistant from the point of seeding, 
so that there should be no appreciable time lag in the phase due to west-east 
Propagation of the rainfall. 


Google 


300 Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


A Comparison of Periodicities at Group A Stations and at Fort Wayne, 
Cincinnati, and Knoxville 


The significance factors in Table 7-IV and 7-V, several of which are above 
5000, are higher than those that were found by a study of the rainfall data of 
Group A stations for Cycles 2 to 6 as analyzed in Table 7-1, Section A. Part 
of this increase in SF may have been due to changes in the methods of analysis. 

For this reason, it is of interest to make an analysis just like that of Tables 
7-IV and 7-V but applying these methods to the data of Group A stations for 
Cycles 2, 3, and 4. The original data are given in Table 5-I and a summary 
of the correlation coefficients for the rainfall itself are given in Table 7-1. 
We have, therefore, prepared Table 7-VI, which gives an FYOS analysis of 
the rainfall periodicity at the 20 Group A stations for Cycles 2, 3, and 4. 

At the lower part of the table is given a comparison of the significance 
factors obtained for the rainfall and for the FYOS Method for these Group A 
stations. By comparing the summaries in Tables 7-VI and 7-V, we may con- 
clude that the SF values from the Ft. Wayne, Cincinnati, and Knoxville 
data are generally two to three times higher than those from the Group A 
stations, although the highest values given by CC(21), are about the same. 

The differences that occur between the data of Tables 7-VI and 7-V are 
never large enough to cast any doubt on the reality of a very significant 
periodicity in rainfall over the whole of the Group A stations. 

By comparing CC(28) and CC(28), for Cycles 2, 3, and 4 in Table 7-VI, 
by the FYOS Method, with corresponding values for the same cycles in Section 
A of Table 7-I, we see there are some appreciable differences. For example, 
for Cycle 3, the rainfall by Table 7-I gave CC(28) = 0.310, whereas the 
FYOS Method, in Table 7-VI, gave CC(28) = 0.428. The corresponding 
significance factors are 4 and 13. Nevertheless, the phases are practically the 
same — 125 degrees from the rainfall and 124 degrees from the FYOS Method. 
The significance of the periodicity, of course, depends not only on the mag- 
nitude of the periodic correlation coefficient, CC(28), but also on the constancy 
of phase from one cycle to the next. By combining several cycles as we have 
done, full allowance for this fact can be made. 

Tables 7-I and 7-III give an analysis of the rainfall for the Group A stations 
for the five cycles — 2 to 6. Table 7-VII contains a FYOS analysis for these 
five cycles. The method of obtaining these FYOS numbers for Cycle 6 is 
illustrated in Table 6-VII. 

When this FYOS analysis of the rainfall of the Group stations A for Cycles 
2 to 6 was first made, it was noted for Cycle 5 that the correlation coefficient 
0.304 was quite low compared with the other values. The phase value is also 
lower than any of the others. The FYOS data for Cycle 5A in Table 7-VII 
shows that the minimum rainfall occurred on Tuesday, which was the day of 
the maximum average rainfall for the other four cycles shown in Section B. 
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Taste 7-VI 


FYOS Analysis of Rainfall Periodicity at 
20 Group A Stations for Cycles 2, 3, and 4 
(To be compared with Table 7-V) 























| 10X FYOS, 4-week Sums, C | R é é 
Cycles cos(¢—¢s) 
| [M|T|wfltTlflrFls | Sum | deg. | days Mi 
a ll +18 | +18 | +8 | +15 | -13 | —25| —21] 0 | 76° | 1.49 0.839 
3 | — 9] +20) +16] + 6| +20} —11 | —38 | +4 | 124° | 2.42 0.966 
+ | -22| +5 | +33] +22| 0 | -23 | -15] 0 | 122° | 238 0.974 
Sum C| —13 | +43 | +57 | +43 | + 7| -s9 | —74| +4 | 109° | 2.12] — 1.000 





Variance Analysis of the 21 C-Values 









































| p> | a | ve. | F | sF 
Total tT | 76 | 1 | — | a 
7-Day Period | P 5182 2 | 2591 16.17; 6900 
Residue E 2564 | 16 | 160.2 | (1.0) 
Columns c | 5374 | 6 | | | 
CC(21) = 0.818 = SF = 6900 
CC(7) = 0.982 m= 2 SF = 784 
ik CC(28) CC(28)R cc(7) 
Cycles | Within 28-day Cycles m= 12.5 m= ii m=2 
Dr | Da | Dp | Ds | De r SF , | SF r SF 
: - 
2 | 2442] seo] 425 | 1457| 543 | 0.417| 11 | 0.475) 17 | 0.885) 21 
3 | 2458| 74] 450] 1934 | 684] 0.428| 13 | 0.435] 10 | 0.811 9 
__4 | 2496 | 579} 636 | 1281 | 709] 0.505] 40 | 0.576| 84 | 0.947| 94 
All 7396 | 1213 | 1296 | 4887 | 1343 CC(84) CC(84)p CC(7) 
Sum | 7396 | 1213 | 1511 | 4672 | 1936} m= 38.5 m= 34 m=2 
r SF r | SF r SF 
0.419 | 1660 | 0.458 | 2980 | 0.982 | 784 




















A Comparison of the Rainfall with the FYOS Methods 














Rainfall FYOS 

r | m | SF r L m | SF 
CC(84) 0.367 40.5 | 350 0.419 | 38.5 | 1700 
CC(84)p | 0.402 35 480 0.458 | 34 3000 
cc(7) 0.959 2 154 0.982 2 | 790 
CC(21) 0.780 9 4700 ah Ee | _ 
CC(21)p | 0.847 8 | 24,400 osis | 8 6900 
CC(84) gp Method C(2) 0.472 | 34 | 5200 
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TaB.e 7-VII 


FYOS Analysis of Rainfall during Cycles 2 to 6 at 20 
iti A Stations and at 8 Group F Stations during Cycle 5 




















Cycle] oo |g i | 10X FYOS, 4-Week Sums, C 
and | (98) | deg. | S* ey R 
Group | s T!lw;Tj|)Filis 
i 1 
aa lo47| 76 | 11 | = = + 8/415 | -13| — 25) —21 0 
3A [0.428 | 124 | 13 | —9| + 20 +16| +6! +20) — 11] —38| 44 
4a |0.505 | 122 | 40 By + 5} +33] +22] © | — 23! -15 0 
sA {0.304} 2 | 3 | +16| + 31) -27|-4|-15) + 23,-2] 41 
sr |0.602| 71 | 280 | + 6| + 42) +9| +19] -29| — 26 -19) +2 
6a jo.sei| $7 | 170 | +12| + 30, +28| -10| 25] — 28-6] +1 
Section A: Sum | 
Five Group A Cycles +15 | +104) +58 | +29] -33| -ss| -82| +6 
2, 3, 4, 5, 6. 
CC(35) = 0.651 Dr = 13,314 
m= 12; SF = 750 De= 6055 


CC(7) = 0.965 Dp= 5639 
m= 2; SF = 210 
@ = 83° = 1.61 days 





Section B: Sum 
Four Group A Cycles -1 +73; +85; +33 | —18 —87| —80 +5 
2, 3, 4, .., 6 
CC(28) = 0.786 i Dr = 11,119 
m= 9.5; SF = 9300 | De = 6983 
CC(7) = 0.9916 | | \ Dp 6866 
m= 2; SF = 3540 | 
@ = 93° = 1.81 days | | 


ll 








Section C: Sum 

Five Cycles A and F +5 
2A, 3A, 4A, 5F, and 6A. 
CC(35) = 0.799 
m= 12; SF = 2.0x 10° De 
CC(7) = 0.9901 Dp 
m= 2; SF = 2580 | 
@ = 88° = 1.71 days 


7 


+ 


+115) +94 | +52 | —47 | —113, —99 


S 
s 
i] 


15,239 
9913 
9718 


a) 























i i 





For All Five of the A Cycles, Method B(2): CC(140)z = 0.360; m= 57; SF = 2800. 
Method C(2): CC(140)gr = 0.469; m = 57; SF= 9x10. 


At about the time this FYOS analysis of the data for Cycles 2 to 6 was 
first made, we had begun to pay attention to the rainfall over wider areas of the 
country by dividing the United States into subdivisions in accordance with 
the map shown in Fig. 7-1. A general survey of the values of CC(28) during 
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Cycles 2 to 6, Table 7-XII, showed that the high values of the correlation 
coefficient were by no means limited to Subdivision A. In fact, in several 
cycles there was a band of high values running from Subdivision I through A 
to C. In Cycle 5, however, the high values were located in Subdivisions I, 
F, E, and G, lying to the south of Subdivision A. In Cycle 6 the correlation 
was high in Subdivision A, but it was even higher in Subdivisions N, M, 
K, B, E, F, D, and G. 

Among these contiguous areas of high correlation coefficients, there was 
good agreement between the phases, especially if allowance was made for 
the progressive lag in phase from west to east. Later in this report, a detailed 
analysis will be made of the distribution of correlation coefficients and phases 
among the different subdivisions in the United States for the rainfall and other 
weather elements. 

Table 7-VII, however, makes a preliminary study of this kind by taking 
into account only the change in the significance factor that could be introduced 
by substituting Subdivision F for Subdivision A in the data for Cycle 5. 

The analysis of the significance of the correlation coefficient has then been 
divided into three sections — A, B, and C. In Section A, only the five cycles 
of Group A stations are considered. Section B shows the effect of omitting 
Cycle 5 among the Group A stations leaving only four cycles — 2, 3, 4, and 6. 
In Section C we consider all five cycles from 2 to 6, but for Cycle 5 we substitute 
the data for Subdivision F in place of those for Subdivision A. 

The correlation coefficients CC(35) are based on the four-week sums listed 
in the table; we do not consider the variance within the 28-day cycles. Only 
at the bottom of the table in the last line we give the value of CC(140),, which 
is the value obtained by Method A (Table 7-III), from the 140 FYOS values 
that make up the five 28-day cycles. 

In each of the three sections of the table, the seven values, under the columns 
for the days of the week, represent the sums for the particular cycles that are 
considered. 

In Section A, taking all five A cycles, we obtain CC(35) = 0.651 with 
SF = 750. This should be compared with the correlation coefficient CC(21) 
= 0.818 and SF = 6900 for the first three cycles, as listed in the summary 
at the bottom of Table 7-VI for the FYOS data. 

Thus, the addition of the two extra cycles, 5A and 6A, to the data of the 
first three cycles lowers the correlation coefficient and the significance factor. 

If, however, as shown in Section B, we take Cycles, 2, 3, 4, and 6, we obtain 
CC(28) = 0.786 with SF = 9300. It is clear, therefore, that the lowering 
of SF in Section A is wholly due to the inclusion of the Cycle 5A. 

In testing the Seeding Hypothesis, it really becomes of very little importance 
whether or not the region of marked periodicity in rainfall moves slightly 
north or south in successive months. 
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Section C of the table is a study of the effect of replacing Cycle 5A by Cycle 
5F. The value of CC(35) rises to the very high value 0.799 with a SF = 2.0 x 105. 
Also, CC(7) is very high — 0.9901, with SF = 2580. 

Most statisticians appear to have an antipathy to extremely high values 
of significance factors, so that eyebrows are raised when any such figure as 
SF = 10* is mentioned. The foregoing analysis, however, in Table 7-VII, 
shows that many of the SF values for the individual 28-day cycles are quite 
moderate. In fact, three of them — for Cycles 2A, 3A, and 5A — come even 
below the 5 per cent significance level (SF = 20) which is so popular among 
statisticians. The high values are thus not characteristic of the individual 
cycles as such, but result from having more data than are needed. 

According to Eq. (5-18), the significance factor for a set of cycles having 
the same correlation coefficient, CC(28), increases in proportion to quantity 
raised to the mth power, where m is (N—3)/2. For a 28-day cycle we have 
m = 12.5 and for five such cycles m = 68.5, so that m increases 5.5-fold as 
we go from one cycle to five. If the phases were all alike, we would expect 
the SF to increase even more rapidly than the product of the SF factors. 

The continued product of the five SF values for the cycles in Section C 
of Table 7-VII is 2.7 x 10°. If the phases were all the same, we would actually 
get a significance factor even higher than this. However, the slight discrepancy 
of the phases in the different cycles lowers the value of SF from 2.7 to 10° 
to 2.0x 10. 

In Tables 7-III, 7-V, 7-VI, and 7-VII, a comparison has been made between 
the Rainfall Method and the FYOS Method of studying the periodic corre- 
lation coefficients and their significance factors. The values of SF by the 
FYOS Method are usually greater than those obtained directly from the 
rainfall. For example, in Table 7-V, for CC(84),, SF = 8400 by the FYOS 
Method and 1200 from the rainfall. Again, in Table 7-VI, except in the case 
of CC(21), the values of SF by the FYOS Method are several times as high 
as from the rainfall. However, for Cycles 2 to 6, the value of SF from CC(140), 
is 4140 in Table 7-VII, whereas the corresponding value from the rainfall in 
Section A of Table 7-I is SF = 3500. 


A Search for Rainfall Periodicity by the FYOS Method Dae Nonseeding 
Cycles ‘*2” to ‘‘6”, 1947-48 


The basic test for the Seeding Hypothesis involves a comparison of the 
significance factors during periodic seeding with those obtained when there 
was no periodic seeding. It is for this reason that we have included in Tables 
7-I and 7-III sections giving SF’s for nonseeding cycles, using the data from 
Table 5-II. The values of SF were all less than 1.9 even when Methods B 
and C were used, which gave an enhancement in the SF values for the cycles 
of periodic seeding. 


2 Langmuir Memorial Volume XI 
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Tasre 7-VIII 


FYOS Analysts of Rainfall at Group A Stations, 
Cycles ‘*2” to ‘6’, December 1947 to April 1948 
(Compare with Table 7-I, Section B) 

















| 
coon | 2 | sr 10X FYOS, 4Week Sums, C 

eg. [s])M|]T|W|]T|F]S [Sm 
? 0.268 | 174| 25 | -23 +7{ +1] 410] +6] +17 | -17| +1 
“gy 0.167 | 236) 1.4] -34' — 3] 412} -13/ 45/48] 425| 0 
“ge 0.463 | 240 204 | ~30; -16| -13| 0 | +10} +32; 417; 0 
ws» | oss | us| 13!—7| 413| 414|-— 4] —9| 422| -27 | 2 
“6” | o41s | 98} 106! -11| +16| +27/ +7) — 6| -23 | 12, -2 








cc(14o) | 0.142 | 177 40 | —105| +17 | +41 | 0 | +6 | +56 | -14 | 41 





For 140 Days: Dr = 12,080; Dp = 242; CC(140) = 0.142; SF = 4. 
For the 35 4-Week Sums: Dr = 9811; Dp = 970. 
CC(35) = 0.314; SF = 6.3. 


Table 7-VIII was therefore constructed to give the FYOS analysis of the 
rainfall at Group A stations during the nonseeding period from December 
1947 to April 1948. The correlation coefficients are very low and the SF numbers 
for each of the separate cycles vary from 1.4 to 20. The CC(140) value is also 
very low, 0.142, with a significance factor of 4. 

The 35 values of the 4-week sums give CC(35) = 0.314 with SF = 6.3. 
That these SF values are slightly greater than 2 presumably indicates that the 
weather is not quite random and that there is an appreciable amount of auto- 
correlation in the rainfall between one day and the next. However, the departures 
of the SF values from the average value of 2 for random sequences of normally 
distributed numbers is insignificant when compared with the SF values ranging 
from 10* to 105 shown in Table 7-VII for Cycles 2 to 6 during periodic seeding. 


A Further Search for High Values of CC(28) in Rainfall from the Data of 
Previous Years 


Besides the search for a 7-day periodicity in a 140-day interval covered 
by Table 5-II and the rainfall data over nine years at Knoxville, Tennessee, 
as illustrated by Tables 6-I, 6-II, and 6-III, we have also made studies of the 
rainfall at the 20 Group A stations from December 1948 to 1 March 1949. 
A summary of these data is given in Table 7-IX. The ‘‘characteristics of the 
rainfall” described.in the table are nearly identical with those shown by Curve 
C in Fig. 6-1. 

For the 17 weeks covered by the data illustrated in Table 7-IX, the peri- 
odicities are not significant since the values of SF are less than 2. However, 
by choosing a shorter time interval out of the 17 weeks and by trying three 
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methods — the Rainfall Method, the Three-class Method, and the FYOS 
Method — a maximum SF value of 391 was obtained. The values of CC(7) 
were low, with a maximum SF of only 14. 

Looking through the data of the past and picking out those cases where 
we find highest periodicity, we may naturally find some rather high values. 
For example, if we select the best out of 100 cases, we should in general find 


Tasie 7-IX 


Study of Rainfall of Previous Years 


Seven-day Periodicity in the Rainfall 
at Group A Stations from 2 November 1948 to 28 February 1949—119 Days 
or 17 Weeks 


Average rain per station day: 0.142 inch. 

Weekly Periodicity: 
Phase = 1.76 days 
CC(119) = 0.094 SF=1.7 
CC(7) = 0.418 SF = 1.5 


Characteristics of the Rainfall: 

The root-mean-square rain per station day was 0.244 inch, or 1.72 times the average rain. 
More than half of the rain (51 per cent) fell on 13 per cent of the days. One half of the days 
(having the least rain) gave only 4 per cent of the total rain. The rainiest day (out of the 
119 days) gave an average of 0.905 inch per station, which is 6.4 times the average. This 
rainfall distribution is almost identical with that shown by Curve C in Fig. 6-1. 

Careful search among various shorter intervals within these 17 weeks showed that a very 
marked weekly periodicity existed during 7 consecutive weeks. These dates of the beginning 
and the end of this interval were chosen to make the periodicity a maximum. 


Seven-day Periodicity in the Rainfall 
at Group A Stations from 9 December 1948 to 26 January 1949— 
a Seven-week Interval 


Average rain per station day: 0.151 inch. 
Amplitude of the periodic rainfall component +0.116 inch. 
Phase = 2.35 days 
CC(49) = 0.456 SF = 210 
CC(7) = 0.857 SF= 14 
3-Class Method: 
Phase = 1.70 days 
CC(49) = 0.443 SF = 150 
CC(7) = 0.838 SF= 11 
FYOS Method: 
Phase = 1.82 days 
CC(49) = 0.478 SF = 391 
CC(7) = 0.851 SF = 13 


(The rows were not significant.) 
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something that has a significance factor of about 100. But, especially if one 
changes the time of the beginning and the end of a series to search for the 
highest correlation, it is not surprising that one obtains values as high as 391. 

If the data of Table 7-VII are typical of nonseeding years, SF values of 
4 or 6 are perhaps normal for FYOS correlations of CC(140), and thus maximum 
values 80 times higher for the selected data of Table 7-IX should not be 
unexpected. At any rate, the contrast between these values in Tables 7-VIII 
and 7-IX and those in Tables 7-III and 7-VII is noteworthy. 


Distribution of 7-Day Periodicities in Rainfall over the United States During 
Cycles 2 to 6 (see also Chapter 12) 


Originally, the 20 Group A stations were selected because they constituted 
a region that had the highest rainfalls during the month of January 1950. 
It was then discovered that there was a marked 7-day periodicity. A little later 
we began investigating rainfall at stations further east — for example, at five 
Group C stations which are listed in Table 4-IV, and which show much heavier 
rainfall on Tuesday than on Saturday. These stations include Buffalo, New 
York, and Philadelphia. 

Gradually, other areas were added, until finally the whole United States 
was divided into 16 subdivisions. 

Table 7-X gives the stations in these 16 subdivisions. They are listed as 
Group A, B, C, etc. The map (Fig. 7-1) shows the location of the stations 
within each of the subdivisions. In the map, a polygon is drawn to represent 
the effective area of the subdivision, so that the average rain at the stations 
within the subdivision can be taken as a sample of the rainfall characteristic 
of that subdivision. In other words, the boundaries of the subdivisions have 
been drawn in such a way that they are about equidistant between the neigh- 
boring stations in the two contiguous subdivisions. 

The center of each circle shows the location of the center of gravity of 
the polygonal area shown on the map, and the figure within the circle represents 
the number of stations within that subdivision. The number of stations is 
listed also in Table 7-X, right after the group heading. In the table, the areas 
in square miles and the latitude and longitude of the center of gravity are also 
given. 

The 19 stations given in the last part of the table include stations in the most 
arid part of the United States — Nevada, Arizona, the southern part of Utah, 
the western part of New Mexico, and the parts of Texas in the Rio Grande 
River Valley — because at these stations the days of rainfall are so infrequent 
that the data are not sufficiently numerous to give a significant value of 
periodicity. 

It was thought at first that since the seeding was done in New Mexico it 
would be possible to determine useful correlations in Subdivision L (the 
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Taste 7-X 
List of Stations, According to Subdivisions, 
Used in Study of Periodicities in Rainfall over United States 


GROUP A (20) GROUP D (8) GROUP G (8) 
Lat. 38.6° Lat. 44.2° Lat. 28.6° 
Long. 87.0° Long. 71.0° Long. 83.0° 
Area (sq.m.): 350,000 140,000 sq. m. 140,000 sq. m. 
Milwaukee, Wis. Burlington, Vt. Mobile, Ala. 
Chicago, III. Albany, N.Y. Tallahassee, Fla. 
Moline, Ill. Boston, Mass. Jacksonville, Fla. 
St. Louis, Mo. Hartford, Conn. Tampa, Fla. 
Advance, Mo.* Nantucket Island, Mass. Melbourne, Fla. 
Malden, Mo.* Caribou, Maine Fort Myers, Fla. 
Evansville, Ind. Old Town, Maine Miami, Fla. 
Louisville, Ky. Portland, Maine Key West, Fla. 
Cincinnati, Ohio 
Huntington, W. Va. GROUP E (9) GROUP H (6) 
Pittsburgh, Pa. Lat. 37.0° Lat. 40.8° 
Springfield, Il. Long. 77.8° Long. 95.2° 
Springfield, Mo. 130,000 sq.m. 145,000 sq. m. 
Ft. Wayne, Ind. Elkin, W. Va. Vicksburg, Miss 
Cleveland, Ohio Washington, D.C. Jackson, Miss. 
Indianapolis, Ind. Snow Hill, Md. Lake Charles, La. 
Memphis, Tenn. Salisbury, ‘Md. New Orleans, La. 
Nashville, Tenn. Richmond, Va. Waco, Texas 
Chattanooga, Tenn. Roanoke, Va. San Antonio, Texas 
Knoxville, Tenn. Norfolk, Va. Galveston, Texas 
q , Charlotte, Va. 
aise: Raleigh, N.C. GROUP 1 (6) 
GROUP'B (7) Hatteras, N.C. Lat. 35.0° 
Lat. 44.5° Long. 96.0° 
Long. 85.0° GROUP F (8) 150,000 sq. m. 
100,000 sq. m. Lat. 33.1° Wichita, Kansas 
Houghton, Mich. Long. 84.0° Oklahoma City, Okla. 
Escanaba, Mich. 140,000 sq. m. Fort Smith, Ark. 
Sault Ste. Marie, Mich. Wilmington, N.C. Little Rock, Ark. 
Alpena, Mich. Birmingham, Ala Fort Worth, Texas 
Traverse City, Mich. Atlanta, Ga. Shreveport, La. 
Grand Rapids, Mich. Augusta, Ga. 
Detroit, Mich. Charleston, S.C. GROUP J (6) 
GROUP C (5) Meridian, Miss. Lat. 30.6° 7 
Lat. 41.7° Jackson, Miss. Long. 93.7 
. 7 Montgomery, Ala. 130,000 sq. m. 
Long. 76.2 G 
100,000 sq. m. Alma, Ga. tes me 
ioux City, Io’ 
sain N.Y. Concordia, Kansas 
yracuse, N.Y. eae 
Wilkes-Barre, Pa. Kirksville, Mo. 
Avoca, Pa. Kansas City, Mo. 
New York City Des Moines, Iowa 
Philadelphia, Pa. 
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GROUP K (6) GROUP M (13) GROUP 0 (11) 
Lat. 46.7° Lat. 44.3° Lat. 45.5° 
Long. 93.7° Long. 102.4° Long. 121.0° 
160,000 sq. m. 290,000 sq.m. 200,000 sq.m. 
International Falls, Minn. Williston, N.D. Tatoosh Island, Wash. 
Fargo, N.D. Minot, N.D. Omak, Wash. 
Minneapolis, Minn. Bismarck, N.D. Seattle, Wash. 
Wausau, Wis. Miles City, Mont. Spokane, Wash. 
La Crosse, Wis. Rapid City, S.D. North Head, Wash. 
Duluth, Minn. Pierre, S.D. Portland, Oregon 
Huron, &D. Pendleton, Oregon 
GROUP I. (7) Casper, a Eugene, Oregon 
Lat. 35.0° Valentine, Neb. Medford, Oregon 
Long. 102.2° Cheyenne, Wyo. Burns, Oregon 
200,000 sq.m. North Platte, Neb. Lakeview, Oregon 
Roswell, N.M. Denver, Colo. 
Trinidad, Colo. Goodland, Kansas GROUP EA 
Wink, Texas Lat. 37.0° 
Amarillo, Texas GROUP N (13) Long. 120.0° 
Pueblo, Colo. Lat. 44.7° 160,000 sq. m. 
Abilene, Texas Long. 113.3° Eureka, Cal. 
Dodge City, Kansas 320,000 sq. m. Red Bluff, Cal. 
Kalispell, Mont. San Francisco, Cal. 
Havre, Mont. Fresno, Cal. 
Glasgow, Mont. Bakersfield, Cal. 
Helena, Mont. Santa Maria, Cal. 
Billings, Mont. Burbank, Cal. 
Salmon, Idaho San Diego, Cal. 
Cody, Wyo. 


TaBLe 7-X (continued) 


Sheridan, Wyo. 
Boise, Idaho 
Pocatello, Idato 
Rock Springs, Wyo. 
Salt Lake City, Utah 


Grand Junction, Colo. 


Stations Not Used Because of Too Few Days of Rainfall 


Winnemucca, Nevada Mogollon, New Mexico 

Reno, Nevada El Paso, Texas 

Ely, Neveda Presidio, Texas 

Tonopah, Nevada Del Rio, Texas 

Las Vegas, Nevada Laredo, Texas 

Needles, California Corpus Christi, Texas 

Winslow, Arizona Brownsville, Texas 

Phoenix, Arizona Milford, Utah 

Yuma, Arizona Blanding, Utah 

-Tucson, Arizona (Columbus, Ohio, also not used) 


* Doutie entries indicate reports changed from one station to the other on Daily Weather 
Maps. 
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Texas Panhandle, New Mexico, and the southeastern part of Colorado). 
However, in practice, the rainfalls in this section were rarely sufficiently 
numerous to make it worth while to determine the periodic correlation coeffi- 
cients. 

In the course of the Project Cirrus work, the periodic correlation coefficient 
CC(28), has been determined for a total of thirty-seven 28-day cycles — 
Cycle 1 beginning on 13 November 1949, as shown in Table 4-I, and Cycle 
37 ending on 13 September 1952 — covering a total interval of 148 weeks 
or 2.8 years. For each of these 37 cycles, the values of CC(28), have been 
measured at each of the 15 subdivisions, except in certain seasons of the year 
on the Pacific Coast when the rains were so infrequent that no significant 
periodicity could be determined. 

Before proceeding with a study of these periodicities over the whole United 
States, let us return to the data of Table 4-IV to calculate the significance 
of the Tuesday-Saturday ratios observed at the Group C stations. 

Table 7-XI gives an illustration of the method used to analyze the variance 
in the rainfalls at Buffalo during 12 weeks. 


Tasie 7-XI 
Variance Analysis of Tuesday-Saturday Rains at 
the 5 Group C Stations during 12 Weeks 
(Data from Table 4-IV) 




















Buffalo Variance Analysis at Buffalo 
10 FYos D |4|var.| F |SF| D | @ | var | F |SF 
Total | 1997 | 23} — 1997 | 23 
T Sat. | S 
based eae ae Rows | 768| 11) 70 | 164/47) — | — 
a ae Tag (Com | 759 1) 759 17.8 | 830, 759| 1 |759_ | 13.5 |800 
: a - 5 [Residue] 470 | 11] 42.7| (1.0) | 1238 22 | 56.3 
rae _ 
+12 o|] +12 
+15 | —10|] + 5 Summary for 5 Stations 
-10, — 2! -12 (FYOS Not Corrected for Rows) 
+9|-10/-1 
+7|-10| —3 F SF 
~10; ~10 | —20 Buffalo 13.5 800 
+20: + 4] +24 Syracuse 12.1 490 
+5!-10]-—5 Wilkes-Barre 10.5 270 
+6|--10! —4 New York 9.7 200 
ae a ae Philadelphia 8.2 110 
+67 | —67 | — 1 | Sum d,=1; @= 22 











The 24 values of rainfall on Tuesdays and Saturdays for 12 consecutive 
weeks were arranged in an array according to magnitude and were then 
replaced by a set of 24 FYOS numbers according to the Fisher-Yates Method. 
The values of FYOS multiplied by 10 are listed for the Buffalo data at the 
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left-hand side of Table 7-XI, and the sums are taken horizontally and vertically. 
The variance analysis in the center part of the table is made by getting the 
total deviance, the deviance D, for the rows, and for the two columns. It is 
seen that there is only a small degree of interrelationship between the FYOS 
values in the separate weeks. The Fisher ratio F is 1.64 for the rows, which 


corresponds to SF of 4.7. 


Taste 7-XII 


Rainfall 7-Day Periodicities and Phases for 15 Subdivisions during Cycles 1 to6 
Correlation Coefficients r = CC(28)p by Three-class Method 












































in 1 2 3 7 5 € 3) 
A 28 | 45 | 50 | 62 | .26 | .55 | 2,38 
B 21 | .50 | .28 | .50 | .03 | .74 | 2.05 
c 2g | .53 | .27 | .53 | .34 | .39 | 2.06 
D 30 | 45 | .26 | .33 | .28 | .s6 | 1.88 
E a9 | 27 | .24 | 45 | .39 | .s8 | 1.93 
F 25 | 20 | 54) 40 | 65 | .70 | 2.49 
c | 35 | 30 | o6 | 42 | 49 | .67 | 1.94 
H » — | .23 | 48 | .20 | .29 | .48 | 1.68 
I — | 56 | 44 | 46 | 55 ) 30 | 2.31 
J — } .2 | 43 | .22 | 40 | .48 | 1.81 
K | 30 | .43 | .26 | .52 | 19 | .67 | 2.07 
M : 05 | 54 | 43 | .23 | 11 | .64 | 1.95 
N | at | 48 | 12 | 43 | .62 | .62 | 1.97 
o | 13 | 40 | 37 | 39 | 34 | 32 | 1.82 
Pp o| — | 22] 37 | 30 | 53 | .30 | 1.72 
Sums | 2.45 | 5.84 | 5.05 | 5.70 | 5.47 | 8.00 | 30.06 

Phase @ in Days 

(Not Corrected) 
A | 6.00 1.22 2.40 2.34 0.11 | 1.00 
B 6.81 1.44 1.59 2.96 3.80 | 1.65 
c 0.33 1.34 3.35 2.63 1.97 | 3.07 
D 0.13 2.04 1.69 1.59 2.96 | 3.99 
E 5.63 1.60 3.00 3.16 1.79 | 3.02 
F 4.32 3.37 3.72 2.88 1.48 | 2.60 
G 2.19 2.04 2.58 3.66 1.86 | 2.54 
H a 3.12 3,92 3.03 0.37 | 0.95 
I = 0.96 2.78 1.03 0.14 | 0.78 
J = 1.15 2.10 2.11 1.00 | 0.29 
K 5.64 0.70 1.14 2.66 3.05 | 1.05 
M 4.96 1.19 0.33 2.20 6.33 | 0.27 
N 6.23 0.34 6.13 6.25 6.07 | 5.70 
fe) 4.67 5.29 4.97 5.51 5.14 | 4.75 
P = 6.27 0.12 3.88 5.62 | 5.23 

















Google 


Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 313 


The significance associated with the columns, however, is very high, giving 
an F-ratio of 17.8 with SF = 830. This value is corrected for the effect of 
the rows. Because of the relatively low significance of the rows, however, 
the analysis has also been made at the right-hand part of the table without 
correcting for the rows. In this case, the F value is lower, 13.5, but because 
of a much larger number of degrees of freedom in the residue the significance 
factor is about the same as before—SF = 800. 

A similar calculation was repeated for each of the other four stations— 
Syracuse, Wilkes-Barre, New York, and Philadelphia—and the values of F 
and SF were determined by the variance method without correcting for the 
rows. In some cases, both methods of calculation were used, and in no case 
was it found that there was any significant difference between the two 
methods. 

The values obtained by using the FYOS Method were higher than those 
obtained using the rainfall as the variate. Thus, at Buffalo, taking the values 
of the rainfall and making a similar calculation, we obtained SF = 300, instead 
of SF = 800. There was a somewhat similar difference in the case of Wilkes- 
Barre. 

A complete set of the correlation coefficients CC(28), obtained by the 
Three-class Method for all the 15 subdivisions of the United States during 
the seeding cycles—Cycles 2 to 6—and the corresponding phases are given 
in Table 7-XII. 

The correlation coefficients CC(28), and the phases for Subdivision A 
by the Three-class Method do not agree exactly with those in Table 7-I be- 
cause the latter were obtained directly from the rainfall. They are also some- 
what different from those in Table 7-VII, for the latter were obtained by 
the FYOS Method and were not corrected for the rows. In general, however, 
the differences in the correlation coefficients are not of great significance 
and the phase angles are usually in fairly close agreement. 

These complete data for the five seeding cycles—Cycles 2 to 6—will be 
analyzed in Chapter 12, and in particular the significance of the phases will 
be investigated. 

The distribution of the r values in Table 7-XII has many points of interest. 
In the nonseeding Cycle 1, the highest value of 7 is 0.35. Let us consider the 
number of subdivisions in the different cycles that have values of r greater 
than 0.35. In Cycle 1 there are none, and the average value of r is 0.24; in Cycles 
2, 3, 4, and 5 the number of subdivisions that give values of r in excess of 
0.35 ranges from six to eight, with an average of seven per cycle, and the average 
value of r for these cycles is 0.37. In Cycle 6, 12 of the 15 subdivisions give r 
values greater than 0.36; the average of all 15 is 0.53, and two of them are 
above 0.70. 

The distribution of the high values of r among the 15 subdivisions does 
not seem to indicate a marked tendency for any subdivision to give consist- 
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ently higher values than other subdivisions. For example, Subdivision B con- 
tains the highest value of r in the whole table—0.74 for Cycle 6—but it also 
contains the lowest—0.03. The number of cycles that show values of r greater 
than 0.35 ranges among the different subdivisions from two to four. There 
is no subdivision that does not have at least two of these values that are higher 
than any of the values of r in Cycle 1. There are three subdivisions—A, F, 
and I—that have four values of r greater than 0.36, and these three subdi- 
visions are contiguous, lying to the south or southwest of Subdivision A. 
The average value of r for the subdivisions A, F, and I is 0.48, whereas the 
average for all 15 subdivisions for Cycles 2 to 6 is 0.40. 

With the exception of Subdivision O—Oregon and Washington—every 
subdivision has at least one r value greater than 0.47, which is mucb greater 
than the highest value in Cycle 1. 

From the viewpoint of the Seeding Hypothesis, these data suggest that 
the periodic seeding induced periodic rainfall over practically the whole of 
the United States, but that the effect was a little more marked in Missouri 
and Arkansas and the Ohio River Basin and in the southern states from Alabama 
to Georgia and South Carolina. The least striking effects were found in the 
Pacific Coast states. 

A variance analysis of the data in Table 7-XII according to rows and col- 
umns should enable us to determine more definitely the significance of these 
crude conclusions that we have reached from an examination of the table. 
According to Eq. (5-18), the significance factor depends upon a power of 
1/(1—r*). This suggests that it would be better to make an analysis of the 
r* values rather than the r values. Therefore, we have constructed Table 7-XIII, 
in which the variate is taken to be r*. The values have been multiplied by 
1000 to avoid decimal points. 

The average values of 107° given at the foot of the columns in Table 7-XIII 
indicate that the value for Cycle 1 is very low—only 62. Cycles 2, 3, 4, and 5 
give an average of 162, whereas Cycle 6 gives 337. An analysis of the data for 
Cycles 2, 3, 4, and 5 shows that the differences of the means from the average 
162 are not significant, but if we include either 6 or 1 or both, the deviance 
D, due to the columns becomes extremely significant. We can arrange the 
data for the columns into three groups—the first group containing Cycle 1, 
the second group containing Cycles 2, 3, 4, and 5, and the third group con- 
taining Cycle 6. Then we have two degrees of freedom for these three group- 
ings, and we have 12 degrees of freedom for the rows corresponding to the 
13 subdivisions. The variance ratio F = 18.2 for the ratio of the variance 
of the groups, V,, and the residual variance, V,. With the 72 degrees of freedom 
for the 75 observations, this gives SF = 2x 10*. 

In Table 7-XIII we have omitted Subdivisions O and P, since these, ac- 
cording to our preliminary analysis, have shown a somewhat lower peri- 
odicity than the other subdivisions of the United States. 
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Tasie 7-XIII 
Rainfall Periodicities Cycles 1 to 6 
Values of 10** 
Sub- Sum 
div. 1 2 3 4 5 6 2-6 
A 77 202 250 372 68 302 1194 
B 44 250 78 250 1 548 1127 
Cc 81 281 73 281 116 152 903 
D 87 202 68 109 78 314 7 
E 35 73 58 202 152 336 821 
F 65 40 292 160 422 490 1404 
G 120 90 4 176 240 449 959 
H _ 53 230 40 84 230 637 
I _ 314 194 212 302 90 1112 
J — | 7 185 48 160 230 701 
K 93 185 68 270 36 449 1008 
M 2 292 185 53 12 410 952 
N 11 230 14 17 381 384 1029 
Sum | 615 2290 1699 2190 2055 4384 12,618 
Avg. 62 176 131 168 | 171 337 196 

















This high significance factor indicates that we have far more data than are 
necessary to show that Cycle 1 is significantly different from Cycles 2 to 6 and 
that Cycle 6 is also significantly different from Cycles 2, 3, 4, and 5. 

Of course, this significance factor must be too high because it does not 
recognize explicitly the fact that the correlations in the different subdivisions 
in the United States are not wholly independent of one another. A rough 
examination, however, of the values of the variate in Table 7-XIII, as well 
as that which we have already made for Table 7-XII, indicates that apart 
from certain rather weak tendencies the distributions among the Cycles 2, 
3, 4, and 5 and the Subdivisions A through N are not at all closely interrelated. 
We are, in fact, using this variance analysis to detect such interrelationships; 
and, as far as Cycles 2, 3, 4, and 5 are concerned, there does not seem to be 
any significance in the deviance due to the columns, that is, the cycles. 

We have also in this analysis studied the significance of the deviance Dz 
due to the rows or the subdivisions. The F value for the variance ratio V, 
is 0.52, so that the variance of the rows is far less than it would be with shuffled 
data. This means that there is a real tendency (SF = 10) for the subdivisions 
to be alike. There is a 10-to-1 significance in the fact they do not differ more 
than they are observed to do. 

We can use the variance analysis to determine the significance of the higher 
values of r found for Subdivisions A, F, and I. We thus divide the 15 subdi- 
visions into two groups—A, F, and I in one group, and the other ten subdi- 
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visions in the other group. An analysis gives a variance ratio for this grouping 
of 3.40, with one degree of freedom for the grouping and 59 degrees of freedom 
for the residue. This gives SF = 14. 

There is, therefore, only a 1-in-14 chance that the enhancement of the r 
values in Subdivisions A, F, and I is due to random fluctuations. According 
to the Seeding Hypothesis, this increase in the values of r in Missouri, Ar- 
kansas, and the Ohio River Basin and in some of the southern states results 
from cyclogenesis in the western part of this region. The effects of seeding, 
however, as shown by the very moderate values of SF, are by no means con- 
fined to these subdivisions but extend in a very significant degree over nearly 
all of the United States east of the Rocky Mountains. 


Evidence for Rainfall Periodicities from Monthly Rainfall Reports by the 
Weather Bureau in Climatological Data for April 1950 


All rainfall data used in these chapters have been based upon Weather 
Bureau reports from the stations listed in Table 7-X and shown on the map 
of Fig. 7-1—stations that give the rainfall data used for the daily weather maps. 

Three or four months after the end of each month the Weather Bureau 
publishes a summary of the rainfall, temperature, etc., at about 6000 Weather 
Bureau and cooperative weather stations distributed over the United States. 
These data are contained in monthly Climatological Data, usually one for each 
of the large states in which there are several hundred of these stations. In each 
separate issue of Climatological Data, there are two or three pages listing in 
tabular form the rainfall at several hundred stations, each line representing 
the rainfall at one station; the rainfall is given in columns arranged according 
to the days of the month from 1 to 31. A blank is left when there is no rainfall 
on any particular day. The rain is given in inches and hundredths of an inch. 

Table 7-XIV* is a photograph on a much reduced scale of typical pages 
of these rainfall tables in April 1950 for Minnesota, Michigan, Arkansas, and 
Alabama. Because of the reduction in scale, it will probably be impossible to read 
the names of the stations or the actual amounts of rainfall, but it can be seen, 
even when holding the figure a long distance from the eyes, that the rainfall 
occurs in parallel vertical columns. To facilitate the comparison of the intervals 
between these, four black spots have been put at the head of the columns that 
represent the four Tuesdays of April—that is, April 4, 11, 18, and 25. 

Thus the periodicity in the rainfall can be seen at a glance without any 
examination of the rainfall figures. The maximum rainfall in practically all 
cases came on Monday or Tuesday, with the minimum on Friday or Saturday. 

There were at least 14 states for which the Climatological Data of April 
1950 showed this periodicity that could be recognized visually. These states 

* Eprtor’s Nots.—Owing to production difficulties it has not been possible to reproduce 
this table in this volume, but it can be seen in the original G.E. Research Laboratory Report 
No. RL-785 (May 1953). 
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were: Alabama, Arkansas, Georgia, Illinois, Indiana, Kansas, Louisiana, 
Michigan, Minnesota, Missouri, Mississippi, Nebraska, Ohio, and Wisconsin. 
The four that were selected for Table 7-XIV were those that illustrate certain 
interesting characteristics of this rainfall distribution. Attention should be 
directed particularly at three points. 


1. On all four of the pages reproduced in this table, it will be seen that 
the rainfall in each of the four weeks is centered very closely under the 
black dots that represent the Tuesdays. It should be kept in mind, in ac- 
cordance with Table 4-I, that there is one week out of the four in which 
there was no seeding; the seeding days that were thus omitted were Tuesday, 
Wednesday, and Thursday—18, 19, and 20 April. 

The rainfall that occurred on 18 and 19 April, according to the Seeding 
Hypothesis, was thus presumably induced by the seedings of the week 
preceding 18 April. For the data for Minnesota, Michigan, and Alabama, 
there was an extended rainy period beginning on 24 or 25 April, although 
in the preceding week there had been no periodic seeding. 


2. Differences in Type of Distribution. In Alabama, practically all of the 
rain before 27 April occurred on Tuesdays or Wednesdays. In the second 
and third weeks, all the rain occurred on Tuesdays. In the first week, there 
was also a considerable amount of rain on both Tuesdays and Wednesdays. 
In the fourth week, the rain was fairly well concentrated on 25 April, but 
there was also a considerable amount on 26 April. 

The rainfall distribution in Michigan is quite different, in that the rain- 
fall in each week is spread over three or four days, but there is a rather 
narrow band of nearly rainless days that separate these. Thus in ‘Michigan 
the rainfall follows roughly a sine curve distribution, while in Alabama 
it is concentrated in one or two days in each week, with very little rain 
in the intervening days. 

The Minnesota and the Arkansas data represent intermediate types 
between Michigan and Alabama. Comparative studies of similar data for 
other states show that in Nevada the rains came about a day earlier, mostly 
on Monday. There was very little rain in the third week, and that came 
on Sunday and Monday. 

In Kansas the rain also centered on Monday rather than on Tuesday. 
There was much rain in the first and third weeks, but almost none in the 
second and fourth weeks. In other words, in this state a biweekly periodicity 
was superimposed on a weekly periodicity. 

In Indiana during the first and second week the rain was centered about 
‘Tuesday, but it was in the form of a broad band extending about three 
to four days wide with a good minimum between one week and the next. 
In the third week, however, the rain was concentrated into one day — 
Wednesday, 19 April — very similar to the distribution in Alabama. In 
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the fourth week the rain occurred mostly on 23, 24, and 25 April, again 
a broad band of rainfall. 

In Missouri the periodicity was well defined but occurred usually on 
two or three successive days — on 3 and 4 April; 9, 10, and 11 April; 18, 
19, and 20 April; and a single maximum on 25 April. The maxima were 
also well defined in Louisiana and occurred on Mondays and Tuesdays, 

In Georgia the maximum rains occurred on Tuesday or Wednesday 

in each of the four weeks — the strongest on the first and the fourth. 
3. An Extra Rain on Saturday and Sunday, 29 and 30 April. In Table 
7-XIV it is seen that near the end of the month in Arkansas there was 
much rain on two consecutive days, Saturday and Sunday, 29 and 30 April, 
that did not fit in with regular 7-day periodicity. There is a much fainter 
indication of the same sort with rain on Sunday in Minnesota and a still 
less distinct maximum on Sunday in Michigan and in Alabama. 

Among other states not shown in Table 7-XIV, the extra rain on Sat- 
urday and Sunday was very prominent in Indiana and Missouri, and 
extremely strong in Kansas on Saturday, 29 April. In Kansas there was 
almost no rain on the preceding Tuesday, 25 April. 

Besides these definite maxima on Saturday and Sunday, 29 and 30 
April, in several states — as, for example, in Michigan — there is a consid- 
erable amount of rain between Wednesday and Saturday in the fourth 
week. 

The question arises whether the peculiar extra rains in the fourth week 
had anything to do with the absence of the seeding in the third week. These 
rather sporadic rains came three to four days after the restarting of seeding 
on the 25th, after an absence of seeding during the preceding 10 days. 
This hypothesis is supported by the rainfall data from Kansas, which is 
closer to the source of the seeding. Here the practical absence of rain in 
the fourth week may well be due to the lack of the seeding in the third, 
and the unusually striking rains on 29 April may bc the result of the restarting 
of the new regular seedings on 25 April. 


Variance Analysis of Periodicity of Rainfall from Climatological Data 


The striking visual proof of a 7-day periodicity illustrated in Table 7-XIV 
is a confirmation of the statistical evidence for periodicity that was shown in 
_ Tables 7-I, 7-VII, etc. Table 7-XV gives a summary of variance analyses that 
have been made of the climatological rainfall data for Alabama, Minnesota, 
Ohio, Indiana, and Louisiana for Cycle 6, the 28-day cycle from 2 April to 
29 April 1950. 
Let us consider first the data given in this table for the state of Alabama. 
The day-by-day sums of the rainfalls for 59 stations out of the 125 shown in 
Table 7-XIV were chosen. 
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Taste 7-XV 
Significance of 7-Day Periodicities in Rainfall Shown 
by Climatological Data for Cycle 6, 2 April to 29 April 1950 

















. r No. of 
| Variate | r | r days SF CC(7) SF Stations 
] 
Alabama: | 
Rain CC(28)p| 0.431 2.54 8 0.60 2 59 
3-Class | CC(28) 0.50 1.96 24 | 0.72 4 
FYOS CC(28)z | 0.595 2.36 | 120] 0.781 7 

















2 Groups (Tues., Wed.) vs 5 other days (FYOS) 60,000 
3 Groups Tues., Wed. and 5 other days (FYOS) 12,500 
S. Minnesota: 

Rain CC(28)z| 0.600 1.30 | 138} 0.902 29 20 
FYOS CC(28)z | 0.720 1.42 | 3000 | 0.933 60 
N. Minnesota: 
Rain CC(28)p| 0.554 | 1.29 57 | 0.930 55 20 
FYOS CC(28) 0.691 1.36 | 3300 | 0.977 | 480 


Ohio: 
| Rain | CC(28)p| 0.639 | 1.57 | 325 0.867 16 30 
Indiana : 
Rain CC(28)z | 0.603 1.37 | 145 0.913 36 30 
Louisiana 


Rain CC(28)r| 0.262 | 0.52 2 0.545 2 30 
FYOS CC(28)z| 0.491 1.49 21 0.855 14 
3-Class | CC(28) 0.598 1.52 | 260 | 900 28 
Kansas (2 July to 29 July 1950): 
Rain CC(28) 0.568 1.43 | 130 | 0.853 14 291 
FYOS CC(28) 0.637 1.57 | 660} 0.875 18 
3-Class | CC(28) 0.620 1.70 | 430 _- _- 
































In this and in most cases, we picked out a number of consecutive stations 
in their alphabetical order, starting at an arbitrary point. An inspection of 
the data of Table 7-XIV indicates that any fairly large sample would give 
quite similar results to any other large sample as far as the visual tests go. 

Using the rainfall in Alabama as a variate, it was found that CC(28), was 
only 0.431; the phase was 2.54, and SF = 8. The value of CC(7) was only 
0.60, with SF = 2. 

This very low periodicity and significance is to be expected because nearly 
all the rain is highly concentrated into Tuesday and in a few cases into 
Wednesday, leaving very little rain for the other days of the week. Therefore, 
the distribution, even if showing a weekly periodicity, does not at all resemble 
a sine curve. The second and third harmonics of the week must, therefore, 
play a very important role. 
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By using the Three-class Method, the correlation coefficient rose to 0.50 
and SF = 24, but the FYOS Method gave considerably higher values with 
CC(28), = 0.595 and SF = 120. However, the CC(7) value of 0.781 gave 
SF = 7, a very low value. The data for Alabama in Table 7-XIV shows, 
however, that there is something very significant about the occurrence of rains 
on Tuesdays and Wednesdays; but this is not adequately represented by 
a sine or cosine function. 

Therefore, a more suitable statistical method of analysis was tried. It is 
possible to divide the columns into two groups, one of these consisting of 
the total rainfall for the Tuesdays and Wednesdays and the other being the 
rainfall on the other five days. The deviance D, corresponding to these two 
groups was 1042, using the FYOS Method, whereas the total deviance D, 
is 2271. The deviance for the rows Dz was 376 with three degrees of freedom. 
Since the two groups of columns corresponded to only one degree of freedom, 
we obtain the variance ratio F = 28.1 corresponding to d, = 23 and d, = 1. 
For this value of F, SF = 60,000. 

The rainfall on Tuesdays and Wednesdays, which averages 0.278 inch 
per station day, is thus very significantly higher than the average rain of 0.044 
inch for the other five days. The ratio between the average rain on Tuesday 
and on the other five days is 6.3:1. This significance factor SF = 60,000 
is very much higher than any we have obtained for a single 28-day cycle in 
any of the rainfall data from Group A stations. 

It may be objected that we have chosen the arrangement of days of the week 
in two groups in such a way as to get the maximum value. We could have taken 
other combinations and not have found significance factors as high. This 
objection would largely be removed by choosing two degrees of freedom for 
the two groups instead of one; that is, take d, = 2 instead of d, = 1, using 
this extra degree of freedom to determine the best grouping of the columns. 
A calculation made on this basis gives SF = 6600. Even this is higher than any 
previously found for a 28-day cycle. 

On another line in Table 7-XV we have described an analysis of the Alabama 
data into three groups, these being the rainfall on Tuesday, on Wednesday, 
and on the other five days. This gives us, then, d,=2, and we find 
SF = 12,500. An examination of the rainfall data for Cycle 6 in Alabama 
shows that the average rain on the four Tuesdays was 0.364 and on the four 
Wednesdays it was 0.191. The average for the other 20 days is 0.044. 

However, there were two days out of these 20 in which most of the rain 
occurred. These rains, which are clearly shown in Table 7-XIV, occurred on 
28 and 29 April. The average rain per station day on the 28th was 0.460 and 
on the 29th was 0.186. It is just these heavy rains that do not fit the 7-day 
periodicity that give the marked differences in the values of SF by the three 
methods using as variates the Rainfall, the Three-class, and the FYOS Methods. 
If we take out the rain on the 28th and the 29th of April, the average of the 
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other 18 days outside of the Tuesdays and Wednesdays is only 0.012. The 
ratio of the average rain on Tuesday and on these 18 days is about 31:1. Of 
course, if these two rainy days were also left out of the variance analysis cor- 
responding to the two-group method, a value of SF much greater than 60,000 
would be obtained. 

The climatological data for Minnesota were divided into two parts — 20 
stations were chosen for south Minnesota and another 20 representing north 
Minnesota. These are analyzed separately in Table 7-XV. The last column 
gives the number of stations used as a sample of the stations of the state. The 
two subdivisions of the state give data that are in close agreement. The 
correlation CC(28) from the rainfall gives for the two sections, respectively, 
SF = 138 and SF = 57. 

The CC(7) values of 0.902 and 0.930 giving SF = 29 and SF = 55 are 
very much higher than those obtained in Alabama. These values of CC(7) 
measure the degree to which the distribution of rain among the columns or 
days of the week fits a sine curve. The data for Minnesota in Table 7-XIV 
show that the maxima are broad, extending over about three days, whereas 
for Alabama the maximum is very narrow, usually only one day wide. This 
difference is, of course, the reason that the CC(7) values are so much lower 
for Alabama than they are for Minnesota. 

The FYOS value CC(28) = 0.691 with SF = 3300, and the CC(7) value 
of 0.977 with SF = 480, show that the distribution in northern Minnesota 
fits a sine curve quite accurately. The high value of CC(28), of 0.720 for 
south Minnesota is quite noteworthy. The data in the table for Ohio and 
Indiana show somewhat lower periodicities with SF = values of 325 and 145. 

Of particular interest are the data for Louisiana. Here the rainfall data 
for the month show extremely heavy rain on 29 April, averaging for the 30 
stations 1.42 inches per station, which is 34 per cent of the total rain for the 
month. Since this rain came on Saturday, it almost obliterated the weekly 
periodicity, so that CC(28), = 0.262 with SF = 2. 

With the FYOS Method, however, a single high value representing 34 
per cent of the whole month is not given so much weight, so the periodicity, 
which is visually very evident from the pages of Climatological Data for 
Louisiana, is no longer masked by the high value on Saturday, 29 April. Thus © 
we have CC(28), = 0.491 with SF = 21. The value of CC(7) has risen from 
0.545 to 0.855, and it now gives SF = 14. On the other hand, by using the 
Three-class Method, the weight given to a single day’s observation is very 
much less; and here the periodicity that is so apparent visually gives CC(28) = 
0.598 and SF = 260, and CC(7) rises to 0.900 with SF = 28. 

It is clear from these observations that the periodicity which is so strikingly 
shown visually in Table 7-XIV is also highly significant from the statistical 
point of view when one uses a method like the FYOS Method, which does 
not depend too much on the data for single days of heavy rainfall. 
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The last few lines of Table 7-XV give corresponding data for a 28-day 
cycle in Kansas from 2 July to 29 July 1950 (Cycle 9). Here the FYOS Method 
gives SF = 660, a highly significant value especially when one considers that 
the center of the state of Kansas is only about 550 miles from Socorro, New 
Mexico, the point of seeding. 

The data for Kansas in July 1950 have been added to Table 7-XV because 
July 1950 was a month of unusually heavy rainfall in a band running from 
the northeastern part of New Mexico through Kansas, reaching a maximum 
in the central part of Kansas where the rainfall was about 8 inches above normal. 
In the Monthly Weather Review of July 1950, the average rainfall for the 
whole state of Kansas is given as 8.71 inches and the normal for July as 5.76 
inches. Thus the rainfall was 151 per cent normal. For New Mexico the July 
rainfall was 4.35 inches, which is 210 per cent of the July normal of 2.08 
inches. 

This heavy rainfall and periodicity so close to the point of seeding is of 
particular interest, for during Cycles 2 to 5 both New Mexico and Kansas 
were in a region of persistent drought. The average rainfall for these four 
cycles was only 42 per cent of normal in New Mexico and 60 per cent of normal 
in Kansas. 

This confirms the statement made earlier that, according to the Seeding 
Hypothesis, one may expect seeding in New Mexico during the winter months 
to induce drought in the southwestern states at the same time that it is giving 
unusually heavy rain in the central part of the country after the silver iodide 
has led to cyclogenesis in the Mississippi River Basin. 

These July data, however, show that large periodicity and abnormally heavy 
rain can be induced even in New Mexico and Kansas during the summer 
months when the moisture from the Gulf of Mexico penetrates more easily 
into the southwestern states. 

According to the Monthly Weather Review, the regions in New Mexico 
that had more than two inches above normal rainfall were limited to those 
parts of the central and northern portions of the state that were to the east 
and northeast of the point of seeding. 


Summary and Conclusions 


Statistical methods have been developed for estimating the significance 
of the 7-day periodicity in rainfall during Cycles 2 to 6 while periodic seeding 
was being carried out in New Mexico. A comparison was made with observable 
7-day periodicities in prior years. 

During the 140 days of the five seeding cycles — Cycles 2 to 6— the 
maximum rainfall occurred on nearly the same day of the week. This relative 
constancy of phase is statistically highly significant, and extensive studies of 
past weather data show no similar tendency for constant phase. 
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There are many ways of combining the data from successive cycles to get 
an over-all measure of the significance of these persistent periodicities. The 
significance factors, SF, for the combined data of Group A stations during 
Cycles 2 to 6 are summarized in Tables 7-I and 7-III, along with comparisons 
of similar data two years before periodic seeding. 

More detailed studies were made of the data at Ft. Wayne, Cincinnati, 
and Knoxville during Cycles 2, 3, and 4, with a comparison of similar data 
at all the Group A stations. Significance factors of the order of 30,000 are 
often found (Tables 7-IV, 7-V, 7-VI, 7-VII, and 7-X1). 

The troublesome effect of skewness of distribution of rainfall is, in a large 
part, eliminated by substituting for the rainfall data Fisher-Yates Ordinal 
Scores (FYOS) before determining the variance ratios according to the Fisher 
theory. 

A preliminary study was made, in Tables 7-XII, 7-XIII, 7-XIV, and 7-XV, of 
the distribution of the rainfall periodicities over the United States as a whole. 
Thirteen of the 15 divisions of the United States — those east of the Pacific 
Coast states — show very significant 7-day periodicities during most of the 
five cycles. In three subdivisions, A, F, and I, in the central Mississippi Valley 
Basin, the Ohio River Basin, and parts of the states of Alabama, Georgia, and 
South Carolina, the periodicities were appreciably stronger and more persistent. 
The Cycles 2, 3, 4, and 5 do not differ appreciably from one another in the 
frequency of occurrence of high periodicities, but in Cycle 6, when the full 
seeding schedule was restored after two months of reduced operation (see 
Table 4-I), the periodicities became outstandingly high. 

Cycle 1, before the regular seeding schedule started, gave no significant 
periodicities anywhere in the United States (Tables 7-XII and 7-XIII). 

The data analyzed in this chapter are far more extensive than should be 
needed to prove that during the 20 weeks from 11 December 1949 to 29 April 
1950 the periodicity in rainfall was statistically significant, so that we must 
reject the ‘‘null hypothesis” that the observed periodicity was due to fortuitous 
sequences of normal weather elements. 

The Seeding Hypothesis that the periodic seeding induced the periodic 
rainfall is thus supported. 

In subsequent chapters, we shall see that many other weather elements, 
such as cloudiness, pressures, and temperatures, give very important supporting 
evidence that these 7-day periodicities dominated nearly all features of the 
weather over most of the United States during many cycles. The significance 
of the periodicities and the phases of the 700-mb temperatures over the whole 
United States became extraordinarily high during Cycle 6 in April 1950. 
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CHAPTER 8 


PERIODICITIES IN CLOUDINESS, WINDS, 
PRESSURES, ETC. 


PRESENTATION OF DATA BEFORE THE NATIONAL ACADEMY OF SCIENCES, 
12 OCTOBER 1950 


THE PERIODICITIES in rainfall that have been studied in the preceding chapters 
are presumably associated with periodicities in other weather elements. One 
such element obviously related to rainfall is cloudiness. At the suggestion 
of Mr. Ray Falconer, Dr. Gerard Kuiper offered to send information about 
the cloudiness at the Yerkes Observatory. 


Periodicity in the Nighttime Cloudiness at the Yerkes Observatory, 
Williams Bay, Wisconsin 

The data are given in Table 8-I. The analysis is nearly self-explanatory. 
Cloudiness data were divided into four classes — A, B, C, and D — as described 
in the table. For the purposes of analysis, we have assigned ordinal scores — 
first, by a Four-class Method using four numbers that are spaced two units 
apart as indicated in the table, and secondly, by the FYOS Method where the 
numbers are chosen from the tables given by Fisher-Yates. Here the numbers 

- are adjusted to make the sum of the products of the FYOS numbers and the 
number of observations in each class approximately 0. The phases obtained 
by the Four-class Method and the FYOS Method are practically equal, dif- 
fering by only 1.6 degrees or 0.03 day. The Fisher variance ratio for the 140 
days of observations is 3.91 for the Four-class Method and 3.97 for the FYOS 
Method, giving significance factors of 43 and 47, respectively. The data are 
thus seen to be of reasonably high significance. 

The phase ¢ = 7° for the maximum cloudiness should be corrected by 
adding 0.5 day or 27 degrees if we want to make it comparable with the phase 
of the rainfall. According to Table 5-I, the vector mean phase for the rainfall 
at Group A stations is ¢ = 77°. The origin of the phase is at noon on Sunday 
since the rainfall is measured roughly for the 24-hour period ending Sunday 
night, but the nighttime cloudiness at the Yerkes Observatory for Sunday 
means Sunday night or 12 hours later than the Sunday rainfall. Thus, we can 
take the phase of the cloudiness to be 34 degrees or 0.66 day, whereas the phase 
of the rainfall at Group A stations is 1.50 days. The maximum in the periodic 
cloudiness, therefore, comes about 0.8 day ahead of the maximum rainfall. 


[324] 
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Tasie 8-1 
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Seven-day Periodicity in the Nighttime Cloudiness at Yerkes Observatory, 
Williams Bay, Wis., During Cycles 2 to 6, 140 Days, Starting 11 December 1949 


(Data supplied by Dr. Gerard Kuiper.) 
Four classes of cloudiness were recognized: 
















































































F Number Ordinal Scores 
Class Description of Nights "Four-class |FYOS [Fvos 

A | Cloudy all night 77 | +3 +0.7 

B Less than 1/2 of night clear 34 | +1 —0.5 

C | More than 1/2 of night clear 9 | 1 -0.9 

D_ | Clear all night 20 -3 —1.5 

| Total 140 | 
Variance Analysis 
Phase @ 
Method | Ss | M 7 | WwW | 7 | F | Ss Sum (De ) Days 
1 
Four-class | 44 | 2° 20 8 | 30 | 32 | 196 7.2° 0.14 
FYOS | +6. 6) + i 4) —4.2| —8.6) +1.0| +1.6] —1.2 5.6° 0.17 
a Deviance 
Four-class | FYOS 
1 

Total 139 642 98.5 

Rows (weeks) 19 174 14.3 

7-Day period 2 28.9 5.32 

Residue 118 439 78.9 

Columns 6 38 | 7.08 

F ratio for 7-day 2118 3.91 | 3.97 

CC(140)p 0.249 0.251 

SF 43 47 

CcC(7) 0.872 0.867 

SF 17 16 














Periodicity in the Flow of Moist Air into the United States from the Gulf 
of Mexico During Cycles 2 to 6 
Magnitude of Periodic Rains 
The periodic rains at Group A stations during these cycles were of very 
unusual magnitude. During December 1949, which nearly coincides with © 
Cycle 2, there were four states — Missouri, Illinois, Indiana, and Kentucky — 
representing a total area of about 200,000 square miles, that had rainfalls more 
than 150 per cent of normal, and the average of the departures from normal 
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for these states was 173 per cent. The amount of rain in excess of normal 
averaged 1.85 inches for the month of December. 

In January, the rains were still more remarkable. There were eight contigu- 
ous states listed in Table 8-II that had rains in excess of 200 per cent of 
normal. These states, with a total area of 393,000 square miles, had an average 
rainfall of 8.80 inches for the month or 0.284 inch per station day, which is 
265 per cent of normal. 


Taare 8-II 
The Region of Heavy Periodic Rainfall during January 1950 
Weather Bureau ‘Data — Monthly Weather Reviews 

















Area Average Normal Per cent December 1949 
State (Thousands of | Rainfall | Rainfall of Normal through April 1950, 
Square Miles) | (inches) | (inches) Per cent of Normal 
Indiana 36 10.23 3.15 325 | 185 
Illinois 55 7.10 2.42 293 197 
Ohio 41 8.38 2.92 287 156 
Kentucky 40 | 12.82 4.52 284 148 
‘Tennessee 42 13.04 5.01 260 134 
Missouri 69 5.52 2.31 239 138 
Arkansas 53 i 9.63 4.44 216 131 
Michigan j 57 3.70 1.83 202 156 
Sum 393 | 70.42 | 26.60 = 1245 
Average — | 8.80 3.32 265 156 
Average for 14 | 
surrounding states 110 94 
= 














In Table 8-II the eight states are ranked according to the magnitude of 
the per cent of normal rainfall. The 14 states that surround this group of eight 
had an average per cent of normal rainfall of only 110, the highest states being 
Wisconsin with 188 per cent of normal, West Virginia with 176, Mississippi 
with 157, and Iowa with 150. 

The data of Table 5-I have shown that the Group A stations for Cycle 2 
had an average rainfall of 0.229 inch per station day, but the rainfall had a high 
weekly periodicity, with 4.5 times as much rain on Mondays as on Saturdays. 

According to Table 7-X, the area represented by the Group A stations 
is 350,000 square miles. The map of Fig. 7-1 shows that the eight states of 
Table 8-II include Michigan and parts of Arkansas and Missouri that were 
not in Subdivision A. 

The area of the “eight states” corresponds sufficiently closely to that of 
Subdivision A so that we may take the distribution of rains among the days 
of the week to be similar. Thus, for the 31 days of January 1950, we find from 
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the data of Table 5-I that the total average rain in Subdivision A amounted 
to 8.35 inches, which is very close to 8.80 for the average rain of January 1950 
for the eight states given in Table 8-II. 

We therefore determined from Table 5-I the average rain for each of the 
days of the week and multiplied these values by 1.057 in order to get the average 
rain per station day for the eight states in January 1950: 


Sun. Mon. Tues. Wed. Thurs. Fri. Sat. Average 
0.186 0.319 0.469 0.285 0.396 0.309 0.023 0.284 


Over this area of nearly 400,000 square miles, the average rains on Mondays 
and Tuesdays were about 0.40 inch per station day. 

The distribution of these heavy periodic rains in January 1950 in Table 
8-II is very similar to that shown in the map, Fig. 8-1, for the five months 
from December 1949 through April 1950, which is approximately the interval 
covered by Cycles 2 to 6. 

The last column of Table 8-II gives the per cent of normal rainfall for the 
eight states during these five months. 

For this 150-day interval, the highest rains — those in excess of 130 per 
cent of normal — occurred in the same eight states that had the greatest rain- 
fall in January 1950. The average per cent of normal rainfall for the 14 sur- 
rounding states was only 94, and the highest among these states was Wis- 
consin with 127. ; 

For the rainfall at 291 stations in Kansas in July 1950, the periodicity with 
a significance factor of 660 was shown in Table 7-XV. The average of the 
rains on Sunday, Monday, Tuesday, and Wednesday was 0.42 inch per station 
day, whereas the average for Friday and Saturday was 0.06 inch. 


Maintenance of Extended Rains Depends on Lifting, Convergence, and Con- 
tinued Influx of Moist Air 

The total liquid water content of clouds at any given time, even if it could 
all be brought to the ground without loss, is usually sufficient to give only 
a very light rain. 

Let us consider as an example the data of Table 8-III. Here we have arbi- 
trarily taken the temperature at sea level to be 15°C, the same as for the U.S. 
Standard Atmosphere. In the layer below the 1000-meter level, the air is assumed 
to be unsaturated and uniformly mixed with a mixing ratio of 6.0 g/kg, which 
gives saturation at the cloud base at 1000 meters. 

Above 1000 meters, the lapse rate corresponds to the saturated adiabatic. 
As the temperature falls, the mixing ratio for the water vapor falls to 4.5 at 
2000 m, to 3.2 at 3000 m, etc., the decrease below 6 giving the liquid water 
shown in the fifth column. The seventh column gives the total water in mm 
of rain that would occur if all the liquid water below that level were brought 
to the ground without loss. 
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Tape 8-III 
An Example of Water Content of Clouds 








1 2 3 4 5 6 7 
Height |Temp| Pressure ike Liquid Total 
(m) (°C) (mb) | 8B (g/m) water 
Vapor| Liquid (mm) 

0 15 1000 6.0 0 0 0 

1000 5 895 6.0 0 0 0 
2000 -1 792 4.5 1.5 0.8 0.8 
3000 -—7 696 3.2 2.5 2.0 2.8 
4000 | -13! 620 | 21 3.2 2.9 5.7 




















Thus, if the cloud is 1000 meters thick, the total rain could be only 0.8 mm. 
This would increase to 2.8 mm for a cloud 2000 meters and 5.7 mm for a cloud 
3000 meters thick. 

A mass of air having a sea-level temperature of 15°C with a mixing ratio 
of 6.0 g/kg flowing into the United States from the Gulf of Mexico could 
give a cloud system corresponding to Fig. 8-1 only if the air were made to 
flow up through the cloud base by convergence. Even then the liquid water 
content and the cloud thickness would ordinarily not be as high as the values 
given in the table. : 

The moist air coming in from the Gulf has a limited thickness and is topped 
by an inversion. Some of the drier air above the inversion-may become mixed. 
into the upper parts of the cloud, so that the liquid water content in g/m? 
may fall below the tabulated values. 

The data in Table 8-III will, however, be useful if we think of them as 
upper limits to the rainfall obtainable from static clouds — those that have 
been formed by lifting but in which the rising currents have ceased. 

The total amounts of liquid .water in the clouds illustrated in Table 8-III 
are often only a small fraction of the water vapor in the atmosphere. Consider 
an air mass having a temperature distribution corresponding to the U.S. 
Standard Atmosphere, and at each level let the air be saturated. There is then 
no liquid water. 

A simple calculation shows that the total water vapor content corresponds 
to 2.75 g/cm’, so that if all the moisture were brought to the ground it would 
be equivalent to a rainfall of 27.5 mm, or about five times as much as the 
liquid water in the clouds of Table 8-III. If the average relative humidity of 
the air were 50 per cent, the total vapor content would still correspond to 
about 14 mm of water. 

Over a very large semiarid area, such as the state of New Mexico, it is 
possible during summer months to have cloudless skies in the morning over 
nearly the whole state and yet near many mountains to have thunderstorms 
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in the early afternoon without having any appreciable convergence over the 
state as a whole. The showers are associated with local orographic updrafts 
and with local convergence, but there may be compensating downdrafts and 
divergence in the areas between the showers. 

It is, therefore, not possible to establish any relation between the rainfall 
over the whole state and the degree of convergence. 

The local rains are associated with local areas of convergence, but since 
the areas of divergence are not associated with negative rains, no estimate of 
the general convergence can be made. 

The widespread periodic rains in January 1950 over the eight states listed 
in Table 8-II were only possible because of widespread convergence. We 
should be able to determine the convergence needed to produce the observed 
rainfall. These rains averaged 0.40 inch per day on Tuesdays and Wednesdays 
for each week over an area of 393,000 square miles. 

A rainfall of 0.40 inch per day corresponds to a rate of rainfall of 1.2x 10° 
cm/sec. The air entering the base of the cloud at the 1000-meter level by 
Table 8-III has a mixing ratio to 6 g/kg and a density of 1.11 kg/m’, so the 
water vapor content is 6.66 g/m® or 6.66 10-* g/cm’. If v, is the velocity 
of the updraft into the cloud base, then the rate at which water vapor enters 
the cloud in g/cm* sec is 6.66 x 10-*v,. By equating this to the rate of rainfall, 
we find v, = 1.8 cm/sec. 

Thus, when there is an updraft of only 1.8 cm/sec at the cloud base, the 
rain can continue indefinitely without depleting the liquid-water content 
of the cloud. 

If the convergence B is uniform over a circular area of radius r, then we 
have 


v, = Br/2, (8-1) 
vu, = Bz, (8-2) 


where v is the radial inflow velocity at the distance r from the center, and 
v, = the vertical updraft at the height z. 

The moist layer in which convergence occurs probably extends to a height 
of more than 2000 meters, with a mixing ratio of at least 6.0 g/kg. Under 
these conditions, an updraft velocity of v, = 2.0 cm/sec at a height s = 2000 
meters would suffice to maintain a rainfall of 0.40 inch per day. 

Placing v, = 2.0 cm/sec in Eq. (8-2) for z= 2x10 cm, we find B= 
1.0 10-5 sec-! or 0.036 per hour or 0.86 per day. Thus, under the cloud, 
the height of any parcel of air increases only 3.6 per cent per hour. In thunder- 
storms, values of B= 15 per hour have been observed. 

The rain area of 393,000 square miles is equivalent to that of a circle having 
a radius r = 354 miles or r = 5.710? cm. Equation (8-1) then gives 9, = 
285 cm/sec or 2.85 meters/sec = 6.4 miles/hour. 
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The radial inflow velocity at 354 miles from the center is then only 6.4 
miles/hour, which is only a small fraction of the tangential cyclonic velocities 
that probably accompanied these weekly storms. 

Of course, these calculations are meant to show only the order of magnitude 
of the vertical and radial velocities that must be, associated with these large 
areas of rain that lasted two to three days. It would be possible to improve 
the calculations by using temperatures, mixing ratios, pressure gradients, 
etc., that are taken from the weather maps or Upper Air Bulletins of 
January 1950. 

It is clear that calculations of this kind, applied to storms of large area 
and duration, should provide a reliable method of estimating the degree of 
convergence associated with rainfall. 

If, in accord with the Seeding Hypothesis, the seeding induces the rain, 
it also causes the convergence and the cyclogenesis. 


Seven-day Periodicity in the Flux of Moist Air from the Gulf of Mexico 


During the summer of 1950, we became convinced that the wide areas 
over which the periodic rains during Cycles 2 to 6 occurred indicated that 
there must be convergence over similarly large areas and that this would be 
associated with cyclogenesis. Such large amounts of moisture could not fall 
without adequate supplies of moisture having been previously brought into 
the area by winds from the Gulf of Mexico. 

Therefore, early in August 1950, Mr. Ray Falconer undertook a study 
of the pressure differences between Jacksonville, Florida, and Corpus Christi, 
Texas, from the beginning of Cycle 1 on 13 November 1949 up to Cycle 9. 
The pressure difference between any two points a reasonable distance apart 
should be a rough measure of the air flow across the line connecting these 
stations. Above an altitude of a few thousand feet, the winds tend to flow 
along the isobars. 

Closer to the surface, frictional effects make the winds cross the isobars 
at an angle of 10 to 30 degrees. We desired to observe particularly whether 
the flow across the north coast of the Gulf of Mexico represented by the line 
from Jacksonville to Corpus Christi showed the same weekly periodicity that 
was characteristic of the rainfall. 

A summary of the data obtained for six cycles is given in Table 8-IV. For 
each day of the 28-day cycles, the pressure difference in millibars between 
Jacksonville and Corpus Christi was tabulated according to the days of the 
week, The average pressure difference, which is given in Column 10 of the 
table for each of the 28-day cycles, was always found to be positive, indicating 
that the air flow was predominantly from the south across this line. The 
average pressure difference for Cycles 2 to 6 was +16.2 mb. It was much 
less than this, only 2.2, during Cycle 1 before the periodic seeding was 
started. 


Google 


332 Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


Taste 8-IV 
Seven-day Periodicity in the Pressure Between Jacksonville and Corpus Christi 






































1 2 3 4 5 6 7 8 9 10 11 12 13 
| Four-week Average of Deviation bona 
Cyel of Pressure Gradient from Month’s lg Average Psat sae! — cos 
yele | Mean (unit is 0.1 mb) jum plitude 
| (mb) (mab) | (deg) (6M) 
Ss |M/|T|W! T| F| Ss 
1 |+ 2i[— 18|- 9] 0 |— 12\- 11/429] of +22] — [aa ) — 
2 |+ 62|+ 41)+12\+20 — 34!— 74/-30] —3 | +16.3 5.40 60 | 0.940 
3 |— 11)+ 26/+34'+28)+ 22'- 44)-s4| +1 | +25.9 4.49 120 | 0.174 
4 [+ 10+ 20+19/+ 2— 63)— 8 +20] 0} +10.7 2.95 32 | 0.990 
5 |+ 62+ 8'—23\—36/— 67,— 1457) O| 4111 5.88 13 | 0.891 
6 [+ 38!+ 69'+44 —66/— 68 — 30+12| -1| +169 6.78 30 | 0.985 
Sum: Average 
2 to 6 | +161]-+ 164) +86]—52|—210]/—157/+ 5] —3 | 416.2 5.10 40 | 0.982 




















Variance Analysis of the 35 Four-week Averages 
d Var F SF 
Dr = 58,609 30 _ _ _ 
Dp = 25,897 2 12,948 11.09 3520 
Dg = 32,712 28 1168 (1.0) 
CC(35) = 0.665 SF = 3520 
CC(7) = 0.9916 SF = 3500 


Deviances, etc., Within the 28-day Cycles 
(unit = 1 mb) 





























Cycle| Dr | Dp | De | CC(28) SF cc(7)| SF 

1 | 890} 31| 78 | 0.187 1.6|0.632 | 2.8 

2 | 1618 | 410 | 547 .503 38 | .864 16 

3 819 | 282 | 319 .587 210 | .940 4 

4 | 1116 | 122 | 212 331 4 | .759 6 

5 | 1150] 485 | 540 .650 950 | .947 96 

6 | 1225 | 642 | 726 .725 | 11,000 | .941 76 

2 to 6| 5928 | 1036 /1053.5| (.418) | 3.5x108| .9916 | 3500 
; CC(140) 
m= 66.5 








Since we were looking for periodicity, we subtracted from the 28 values 
in each of the cycles the mean value of the pressure difference as given in 
Column 10, and then determined the periodicity and the correlation coeffi- 
cient CC(28) for each of the cycles. These values are given in the lower part 
of Table 8-IV. The periodic correlation coefficient was very low in Cycle 1 
before seeding started but was consistently much higher during the Cycles 
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2 to 6. The significance factors reached 11,000 in Cycle 6 with a value CC(28) = 
0.725. The phases which are given in the twelfth column averaged about 
40 degrees, and were quite constant for all the cycles except Cycle 3. 

The data listed in Columns 2 to 8 represent the average deviation of the 
pressure from the monthly mean difference between the stations for the four 
weeks of any one cycle; that is, for Cycle 2, the value +62 for Sunday in Col- 
umn 2 indicates that the pressure difference between Jacksonville and Corpus 
Christi was 6.2 degrees higher than the average of 16.3 (Column 10) on the 
four Sundays. The average for the four Fridays of Cycle 2 is listed in Column 
7 as —74. Thus, on Fridays, the average pressure difference between Jack- 
sonville and Corpus Christi was +16.3—7.4, or +8.9 millibars. 

Column 11 gives the amplitude of the periodic component of the pressure 
difference between Jacksonville and Corpus Christi. Since these periodic 
components are all less than the average pressure difference in Column 10, 
the average for each day of the week is positive; that is, the winds flow from 
the south across the line under consideration. 

A variance analysis applied to the 35 four-week averages given in Columns 
2 to 8 for Cycles 2 to 6 gives CC(35) = 0.665, with SF = 3520. The value 
of CC(7) = 0.9916, and this also has SF = 3500. 

If we combine the data for all the 140 days in Cycles 2 to 6, we obtain 
CC(140) = 0.418. In calculating the significance factor for this, we must 
consider that we have used five degrees of freedom when we subtract the 
mean for each cycle from the individual values for the separate days. Thus, 
4d, = 140—5—2, which gives m = 66.5. The significance factor is thus SF = 
3.5 x 105. 

The phases shown in Column 12 of the upper part of Table 8-IV should 
be compared with the rainfall phases at the Group A stations as shown in Table 
7-VII. The maximum pressure difference comes about 0.5 day earlier than 
for the rainfall. There is a marked similarity between the changes of phase 
from one cycle to another in the two cases; that is, for Cycle 3 the phase has 
the largest value in Table 8-IV but so it has in Table 7-VII. The lowest 7-value 
of the phase is for Cycle 5, and that is also true in Table 7-VII. 

It should be kept in mind that the use of the pressure difference at sea 
level as a measure of the air flow is not as good as using the pressure difference 
at some other higher level. The use of sea level data would be more likely 
to affect the phase than the actual magnitude of the correlation coefficients. 
In Chapter 9, some data will be given for the relationship between the phase 
of the moisture flux into a large quadrilateral and the rainfall within that 
quadrilateral. 

A study was also made of the data for the pressure difference between 
Jacksonville and Corpus Christi in the six 28-day cycles from 16 November 
1947 to 1 May 1948—a total interval of 168 days. No significant periodicity 
was found in any one of these cycles. The highest value of SF for Cycle ‘*6” 
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was SF = 9, and the next highest was SF = 3. Taking the vector mean phase 
for all six cycles, it was found to correspond to CC(168) = 0.13, which gives 
for m = 80, SF = 3.9. 

These data, therefore, show that during Cycles 2 to 6, while there was 
periodic seeding, there was a very significant periodicity in the pressure dif- 
ference between Jacksonville and Corpus Christi; whereas two years earlier, 
without periodic seeding, there was no significant periodicity. These results 
then show that the periodicity in rainfall and in pressure differences run parallel 
to one another. 

The mean latitude of the line connecting Jacksonville and Corpus Christi 
is 29°N. The distance between the stations is 1020 statute miles. A pressure 
difference of +10 mb corresponds to an average gradient wind perpendic- 
ular to the line of 16 miles per hour. This again is subject to some uncertainty 
because of the frictional effects near the ground, but the order of magnitude 
is probably not affected. 

If we consider Cycle 6, we see that by taking the sum and the difference 
of the values in Columns 10 and 11 we find that the average maximum pres- 
sure on Mondays corresponded to 23.7 mb or 38 miles per hour; whereas 
on Thursdays the pressure difference was 10.1, corresponding to 16 miles 
per hour. In each case, the air was flowing from the south across the line 


Meeting of the National Academy of Sciences in Schenectady, 
12 October 1950 


The opposition of the Haurwitz Committee and Weather Bureau officials 
(see Chapter 4) tended to prevent any further investigation of the possibilities 
of widespread weather control. To bring this matter before the scientific world 
in such a way that a decision could be made as to its validity, it was decided 
to present a paper before the National Academy of Sciences, which was held 
in Schenectady on 12 October 1950. In preparation for this paper, about 17 
lantern slides were made giving rainfall data over much of the United States 
and showing the weekly periodicity. At that time, however, the military authori- 
ties had not released information in regard to the periodic seedings. Therefore, 
it appeared that we might have to talk merely about systematic seedings. An 
abstract of the paper was sent in for publication in Science, 112, 456 (1950), 
and was as follows: 


Widespread Modifications of Synoptic Weather Conditions Induced by 
Localized Silver Iodide Seeding 

“In previous papers it was indicated that the introduction of a few hundred 

grams of finely dispersed silver iodide into the atmosphere in New Mexico 

on 21 July 1949 gave rains averaging more than 0.1 inch over an area of 

33,000 square miles. The total rain that could be attributed to the seeding 
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amounted to 780,000 acre-feet, corresponding to an average rainfall of 

0.44 inch. 

“Preliminary studies indicated that the known seedings in Arizona and 
New Mexico may have led to unusually heavy rains in eastern Kansas 
a few days later at distances of 700 to 900 miles from the points of seeding. 

‘‘Beginning early last winter, more extensive silver iodide seedings have 
been carried out in California, Arizona, and New Mexico, by increasing 
numbers of experimenters. These seedings have been of two kinds: pro- 
miscuous seedings made under favorable synoptic conditions; and systen.- 
atic seedings, made in accord with prearranged schedules not dependent 
upon the weather. Studies of rainfall for six months at the 160 Weather 
Bureau stations that report each day the 24-hour precipitation have indi- 
cated significantly high correlations between the times of rainfall and the 
times of the systematic seeding up to 2000 miles downwind from the point 
of seeding. 

‘‘During the winter and spring, repeated seedings in the Southwest appar- 
ently gave, five to six days later, heavy widespread rains over areas of more 
than 600,000 square miles extending ENE from the western boundaries 
of Louisiana, Arkansas, and Missouri. West of this line and south of centra 
Colorado there was at this time unusually low rainfall. As summer ap- 
proached, the area showing high correlation with the systematic seedings 
gradually receded nearer to the point of seeding, so that in July the average 
rainfall in New Mexico greatly exceeded previous records. 

“During the winter in the Southwest there is insufficient moisture and 
convective activity for the silver iodide to be carried into clouds where 
ice crystals can form. The prevailing winds, therefore, carry it over the 
Mississippi Valley where it meets moist air from the Gulf. The heat liber- 
ated by the condensation in the showers that are set up over wide areas 
greatly exceeds the heat delivered by the sun. Cyclogenesis leads to the 
influx of moist Gulf air in the east, with northwest winds in the rear of 
the rain area. Thus, drought in the Southwest and heavy rain in the South- 
east may have resulted from changes in the synoptic weather conditions 
induced by seeding in the Southwest. During the summer, however, there 
is enough Gulf air in the Southwest to make both the promiscuous and 
the systematic seeding effective in giving rain in that region.” 

A few days before the data of the meeting, two telegrams were received 
from Dr. F. W. Reichelderfer, Chief of the U.S. Weather Bureau, which 
contained the following: 

‘*Recent studies give evidence widespread rain to which reference is made 
in abstract of your paper were result of major anomalies in temperature, 
moisture, and other conditions aloft over southern half of the country 
and not caused by silver iodide seeding. Similar anomalies are known to 
occur from natural causes with no possibility that they are induced by 
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artificial seeding of clouds. For example, July 1915 was very similar July 

1950 in temperature and precipitation departures over much of the country 

particularly from New Mexico northeastward to Kansas. Analysis shows 

previous correlation studies have overlooked significant meteorological 
factors and indications are complete study will modify conclusions on re- 
lationship rainfall anomalies to seeding schedules. (Signed) Reichelderfer.”” 

The following telegram was sent in reply: 
“I appreciate your telegram regarding the paper that I shall present on 

12 October. For several months I have been studying the nationwide anoma- 

lies in pressure and moisture as well as rainfall during the last 48 weeks 

and will report on these in detail in my paper. I shall also point out, however, 
that all of these major anomalies bear an extremely close relationship to 
the seeding schedules. I hope you can attend the meeting. (Signed) Irving 

Langmuir.” 

Permission was asked to quote the telegram from Dr. Reichelderfer at 
the meeting. 

The address before the National Academy of Sciences at its meeting at 
Schenectady on 12 October 1950 gave a summary of the available evidence 
that periodic silver iodide seedings in New Mexico had induced the periodicity 
in rainfall over the eastern half of the United States. The periodicities in the 
pressure differences between Jacksonville and Corpus Christi and their signifi- 
cance were described. In all, 17 lantern slides were shown. These included 
evidences of periodicity in the upper air temperatures and in the periodic 
flow of moisture into the Ohio Basin. 


Cooperation with the Weather Bureau 


On 23 October, after the meeting of the National Academy of Sciences, 
a telegram was received from Dr. Reichelderfer that he was interested in ob- 
taining a complete copy of the paper that was presented at that time. Since 
no manuscript had been prepared, it was suggested in reply that if some Weather 
Bureau statisticians would come to Schenctady they would be shown all of 
the evidence that had been presented and the details of the calculations of 
the periodicities in upper air temperatures. 

Mr Ferguson Hall and Mr. Glenn Brier from the Weather Bureau spent 
two days in Schenectady on 2 and 3 November 1950, and we went over the 
details of these calculations. 

Later, on 1 December 1950, a 6000-word letter was written to Dr. Reichel- 
derfer outlining the results of the conference that was held on 2 and 3 November 
1950 and summarizing the conclusions that were drawn and the recommen- 
dations for further work. This letter included three tables. One of these was 
Table 9-I, which was later incorporated in Occasional Report No. 27, and 
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the other tables were 9-III and 9-IV of Chapter 9, which were subsequently 
published (I. Langmuir, Bull. Am. Meteorol. Soc. 31, 386, 1950). 
In the letter to Dr. Reichelderfer, it was also stated: 


“‘Between 12 October when the paper before the National Academy was 
read and 2 November when Mr. Hall and Mr. Brier came to Schenectady, 
it was found that the periodicities in the upper air temperatures over most 
of the United States have shown a weekly periodicity far more striking 
than that shown by any other element. This is due to the fact that the upper 
air temperatures are characterized by distribution functions more nearly 
normal than ever characterizes rainfi 


The recommendations for further investigation by the Weather Bureau 
were listed as follows: 

1. Determine the extent to which the temperature at various levels in the 
atmosphere has shown a weekly periodicity since the middle of December 
1949 and determine the distribution of this periodicity over the United 
States. To get a quantitative estimate of the degree of periodicity, the Fisher 
F-test could be used as a preliminary step. 

2. Identical methods should be used to study the weekly periodicities i in 
the temperatures at the same places and at the same seasons in preceding 
years and to determine the degree, if any, to which these periodicities exceed 
those to be expected from a random distribution. 

3. By comparing the F values during the present year with those of pre- 
ceding years, it should be possible to determine the probability that any 
periodicity found this year could have occurred by chance in previous 
years. The ratio between the F values this year to the average of the F 
values for previous years should make this comparison possible. 

The letter also included a summary of the results given in Table 9-VII 
on the periodicities in the tropopause heights over Chicago for Cycle 6. 

Following the conference in November, the Weather Bureau started a very 
active program for the study of the 7-day periodicities in many weather elements. 
The work can be divided into the following seven projects. 


1. Periodicities in 700-mb Temperatures at Omaha and Foliet (15 Years) 


For successive 28-day cycles during 15 years, the correlation coefficients 
CC(28) and the phases p for these upper air temperatures at these two cities 
were calculated. 


2. The Pressure Differences Between Facksonville and Corpus Christi (50 Years) 


For the 15 years prior to 1949, no periodicities were found comparable 
with those observed in 1950. Two more 15-year steps gave similar results. 
Finally, by going back to 1899, one case was found where for five consecutive 
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months a correlation coefficient CC(140) = 0.427 was obtained, about the 
same as the value CC(140) = 0.418 for 1950 as given in Table 8-IV. 

During the 50-year interval that was studied, there were about 50x13 
or 650 twenty-eight-day cycles, for each of which a value of CC(28) was cal- 
culated. One of the remarkable things about the 7-day periodicities found 
during Cycles 2 to 6 in 1949-1950 (see Table 8-IV) was the nearly constant 
phase during the 140 days. Therefore, 645 values of CC(140) were also deter- 
mined by combining the data for five consecutive cycles, taking each of 
the successive 28-day cycles in turn as the starting point for the 140-day 
cycle. Since in the 50 years only one of the CC(140) values, out of 645, 
was as high as that found in 1950, the significance factor for the latter 
is presumably of the order of 600. However, it is not a good statistical 
method to use only single extreme values as a measure of significance. 
A better method would be to determine a distribution function based on 
all the available data. In Chapter 10 we shall describe such a method and 
apply it to the Weather Bureau data to get a better evaluation of the results 
shown in Table 8-IV. 


3. Distribution of Phases Among Days of the Week (50 Years) 

In connection with the studies of the periodicities going back for 50 years, 
a search was made to determine whether the phases of the maximum pressure 
differences tended to occur preferentially on certain days of the week. Vector 
dials giving the distribution of the phases and the values of CC(28) showed 
a substantially equal distribution among the separate days of the week. 


4. Test for Persistence of Phases (50 Years) 

A study was made by comparing the values of CC(28) for the separate 
650 cycles with the corresponding values of CC(140). It was concluded that 
there was no evidence that the phases showed any significant persistence; 
that is, there was no discernible autocorrelation between the phases of one 
cycle and the next cycle. 


5. Relative Magnitudes of Periodic Deviance for Different Harmonics 

Some studies were made of the 700-mb temperatures at Omaha to measure 
the magnitudes of the correlation coefficients for the 28-day cycle and five 
other harmonics—28/2, 28/3, 28/4, 28/5, and 28/6. It was suspected that 
periods in the neighborhood of seven days might show greater values of 
correlation coefficient, but none was found; that is, there was a gradual decrease 
in the correlation coefficients from the longer periods gradually going down to 
the smaller ones. The writer made a plot of these data on semi-log paper and 
found that the deviances corresponding to the various harmonics decreased 
linearly on semi-log paper in terms of the harmonic index—just such a relation 
as we found in Chapter 4 from the analysis of the Harris data on rainfall 
periodicities. 
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6. Periodicities in 700-mb Temperatures and Heights over Northern Hemisphere 
(20 Months) 


Seven-day periodicities in 700-mb temperatures and 700-mb heights were 
studied for 245 stations distributed over the northern hemisphere from latitude 
20°N to 80°N. At first, the investigation was carried on only to get the phases 
and the amplitudes. Later, at the request of the writer, they were carried 
through to give also the correlation coefficients CC(28) for the 700-mb tem- 
peratures at 245 stations at intersections at latitude and longitude lines uniformly 
distributed over the northern hemisphere. On 14 June 1952, the writer received 
from Mr. Glenn Brier a complete set of calculated values of CC(28) and the 
phases ¢ for twenty 28-day cycles starting on 18 September 1949 and extending 
through to 31 March 1951. 

For the 700-mb heights, the correlation coefficients were worked out only 
for two months—Cycles 2 and 6. For the other months, only the amplitudes 
and the phases were obtained. Mr. Ferguson Hall in his article (Trans. N.Y. 
Acad. Sci. 14, 48, 1951) presents two charts of this series, both giving the 
amplitude and the phase of the height of the 700-mb surface. The first chart 
is for Cycle 6, starting 2 April 1950, and the second chart is for Cycle 16, 
which started on 7 January 1951. 


7. Seven-day Periodicities in Rainfall over the United States (20 Months) 


Although in Project Cirrus our analyses of 7-day periodicities started 
with a consideration of rainfall and extended gradually to pressures and tem- 
peratures, the Weather Bureau did not plan at first to undertake any investiga- 
tion of the periodicity in rainfall. However, after the writer, at a meeting of 
the American Meteorological Society in January 1952, presented evidence 
of the widespread character of the rainfall periodicities and the changes in 
phase that occurred when the phase of the seeding was altered, Mr. Glenn 
Brier started an independent investigation of the rainfall periodicity. 

On 1 April, he sent a very extensive collection of data on the rainfall period- 
icities for twenty 28-day cycles. The data were prepared for Mr. Brier by 
the New Orleans Tabulation Unit in connection with the precipitation cycle 
study. He said: 

‘The United States was divided into 20 regions, as shown by the attached 
map, and twenty stations selected in each region. The twenty stations 
were divided into two groups of ten stations each in order to study the 
sampling variation and to provide a rough check on the accuracy of the 
computations.” 

The writer has made a careful study of these rainfall data and finds that 
they agree very well with those that we have determined in Project Cirrus. 
The data do not give correlation coefficients CC(28) but only CC(7), since 
the object of doing this work was to determine relationships of phases with 
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regard to the changes in the seeding schedules. This makes it difficult to 
compare the results directly with values of CC(28) that we have determined 
in Project Cirrus. The phases, however, during Cycle 6 have been studied 
in great detail, and they show extremely close agreement over the whole country. 


More from the Haurwitz Committee 


In the November 1950 number of the Bulletin of the American Meteoro- 
logical Society (31, 346, 1950), there are three letters regarding the report 
of the Haurwitz Committee which resulted from their visit to Schenectady 
in March 1950. The first is a statement by General D.N. Yates, president 
of the American Meteorological Society: 


On the Results of Recent Experiments in the Artificial Production of 
Precipitation 


“The potentialities of artificial weather control and modification have 
excited the imagination of all of us. Rainmaking, as a result of artifical 
nucleation, has been particularly publicized during the past many months. 
As a result, Federal, State, and Municipal authorities have been besieged 
with requests to make rain, to stop rain, to put out fires, to destroy hur- 
ricanes, to eliminate icing, hail, and fog, and even to create major climatic 
changes. The lack of authoritative and quantitative information on this 
subject is most apparent. Recently, the Council discussed this matter and 
strongly urged that a statement on the present status of rainmaking be 
obtained from a group of prominent scientists, who have followed rather 
closely the technical documentation of development in this field. This 
letter is in answer to my request for such a statement from Professors Haur- 
witz, Emmons, Wadsworth, and Willett.”—D. N. Yates, President, American 
Meteorological Society. 

There follows about a page in the form of a letter addressed to General 
Yates which is taken largely from the report that the Haurwitz Committee 
made. This has already been discussed towards the end of Chapter 4 of this 
Final Report. The editor of the Bulletin sent me a preliminary notice of the 
letter by Haurwitz, Emmons, Wadsworth, and Willett, and asked for my 
comments. I gave a short reply which was published with the report by the 
Haurwitz Committee: ; 

‘‘Dear General Yates: More than half of the letter addressed to you by 
Haurwitz, Emmons, Wadsworth, and Willett, is a verbatim extract from 
the report of a committee which was appointed at my request last February 
to determine the advisability of continuing weekly periodic seeding ex- 
periments in New Mexico. The report branded as “extraordinarily ex- 
travagant” the suggestion that localized silver iodide seeding could have 
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produced widespread changes in the synoptic weather conditions. Three 
of the members of the committee spent a total of eight hours with me in 
Schenectady on 7 and 14 March while I showed them in confidence rainfall 
data giving evidence of a marked weekly periodicity in rainfall during 
December, January, and February. These data have not yet been published, 
but a brief summary up to August 1950 was presented at the meeting of 
the National Academy of Sciences in Schenectady on 12 October. I shall 
submit a reply to the letter from this committee for publication in the next 
issue of the Bulletin and will there present a very brief analysis of the weekly 
periodicities in nationwide weather that have occurred since the start of 
the weekly seedings.”—Irving Langmuir. 

The reply and the analysis were published in the December issue of the 
Bulletin on 7-day periodicities (I. Langmuir, Bull. Am. Meteorol. Soc. 31, 
386, 1950). This paper contained material which is in Tables 9-III and 9-IV 
of Chapter 9. 


The Haurwitz Committee also published a paper in Science (113, 191, 
February 16, 1951). Most of this is also based on the report of the Haurwitz: 
Committee as given in the November issue of the Bulletin of the American 
Meteorological Society. They added, however, several paragraphs that discuss 
newspaper accounts of the paper that was delivered before the National Academy 
of Sciences on 12 October 1950. None of the members of the Committee 
attended that meeting. 

They refer particularly to the purported heavy rainfall in New Mexico 
following the seeding experiments of 14 October 1948 and 21 July 1949. They 
tell of the dangers of drawing any conclusions from these experiments. They say: 

‘‘We cannot accept as proved the odds against chance occurrence that 
have been cited by Langmuir. It is our considered opinion that the artifi- 
cial production of substantial amounts of rainfall over an area of the order 
of 100,000 square .miles definitely has not been demonstrated in these 
two cases.” 

They also discuss the effect of periodic seeding in New Mexico and the 
subsequent occurrence of rainfall in the Mississippi Valley: 

“On the basis of a purely random situation, this high correlation between 
the release of silver iodide and the rainfall probably is significant, but be- 
cause of the general statistical behavior of rainfall patterns the situation 
in question should be carefully compared with the behavior of previous 
cases of abnormally heavy winter rainfall in that vicinity to see whether 
the periodicity exhibited in the present case is a likely occurrence by pure 
chance. Since, to the best of our knowledge, such a comparison has not 
yet been undertaken by Dr. Langmuir, we cannot accord credence to the 
sweeping inference that the abnormal character of the basic weather pattern 
was the result of the silver iodide operations at Socorro.” 
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If these men had attended the meeting on 12 October, it would have been 
clear to them that the writer had spent practically a year’s work in doing the 
very thing which they said ‘‘has not yet been undertaken by Dr. Langmuir.” 


Summary and Conclusions 


The periodicities in rainfall which have been described in previous chapters 
are presumably related to periodicities in other weather elements. Many of 
these are considered in this chapter. 

The nighttime cloudiness at Yerkes Observatory at Williams Bay, Wis- 
consin, given in Table 8-I, shows a moderately significant weekly periodicity 
with a phase such that the maximum cloudiness occurs about 0.8 day before 
the maximum in rainfall is reached. 

During Cycles 2 to 6, the rainfall was strongly periodic. The distribution 
of heavy rains in terms of the percentage of normal during these five ‘cycles 
is shown in the map, Fig. 8-1, and details are given in Table 8-II. For January 
1950, in eight states having an area of 400,000 square miles, the rainfall per 
station day was 0.40 inch from Monday to Thursday of each week, but there 
was very little rain on Saturdays and Sundays. Such rainfalls lasting several 
days over large areas can only be maintained if there is ‘convergence. Calcu- 
lations show that a convergence of only B = 0.036 per hour over an area of 
400,000 square miles would require a radial component of influx 350 miles 
from the center of about 6 miles per hour, with an updraft of only 1 cm per 
second at 1000 meters altitude and 2 cm per second at 2000 meters altitude. 
This would be sufficient to maintain the water content of the clouds in spite 
of rain of 0.4 inch per day. The heat generated by such a large amount of rain 
must be an important factor to set up and maintain the convergence and thus 
produce cyclogenesis. 

The periodic flux of moist air from the Gulf of Mexico into the southern 
part of the United States was determined (see Table 8-IV) from the day-by-day 
variations of the pressure difference between Jacksonville and Corpus Christi. 
In Cycle 6, for example, there was a correlation coefficient CC (28) = 0.725, and 
for the whole period of five 28-day cycles we found CC(140) = 0.418, with 
an extremely high significance factor. The south to north wind components 
corresponding to these periodic pressure differences amount to about 38 miles 
per hour on Mondays and 16 miles per hour on Thursdays. 

In preparation for the meeting of the National Academy of Sciences on 
12 October 1950, an abstract was prepared which was published in Science 
and which is included in this chapter. 

After the meeting of the National Academy, cooperation was started with 
the Weather Bureau in which the Bureau volunteered to undertake a very 
extensive set of studies: a study of periodicities in upper air temperatures 
at Omaha and Joliet; a study of the pressure differences between Jacksonville 
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and Corpus Christi for the last 50 years; the distribution of phases among 
the days of the week during 50 years; tests for the persistence of phases extending 
over 50 years; relative magnitudes of periodic deviances for different harmonics; 
the distribution of the 7-day periodic deviances for 700-mb temperatures and 
heights over the northern hemisphere for 20 months; and, finally, a study 
starting in 1952 of the 7-day periodicities in rainfall over the whole United 
States during 20 months. Some of-these Weather Bureau data will be analyzed 
in later chapters. 
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CHAPTER 9 


PERIODIC FLOW OF MOISTURE 
AND ASSOCIATED RAINFALL IN RELATION 
TO UPPER AIR TEMPERATURES AND THE TROPOPAUSE 
HEIGHTS 


Introduction 


Durinc August and September 1950, after Mr. Ray Falconer had gathered 
and analyzed the data on the pressure differences between Corpus Christi 
and Jacksonville as given in Table 8-II, Lt. W. E. Hubert studied the rainfall 
data over the entire United States at about 150 stations that report the 24-hour 
total rains for each day. He divided the country into three parts, roughly about 
1,000,000 square miles each—the West, Central, and East. The hree-class 
Method was used for the analysis for Cycle 6, April 1950. 

In the western section, CC = (28) = 0.35 with a phase of 5.57 days. The 
central part gave CC(28) = 0.75 and a phase of 0.51 day, while the eastern 
section gave CC(28) = 0.48 and a phase of 1.98 days. The phase progressed 
from west to east at a rather uniform rate of about 20 miles per hour. 

At that time, in October 1950, we overestimated the significance factors. 
We now know that these are rather low in the west, with SF = 5, and SF = 27 
in the east, but SF = 30,000 in the central part, about like those that we found 
in Chapter 7. 

Lt. Hubert and Chief Wells soon undertook an analysis of the periodic 
movement of air into and out of a quadrilateral, which they called the Ohio 
Basin, covering about 560,000 square miles. 

Only a small part of this work was completed by the time of the October 
meeting of the National Academy of Sciences. All of these data for the Ohio 
Basin, including an analysis of periodicities and phases of upper air temperatures, 
were presented in Project Cirrus Occasional Report No. 26, issued on 15 
January 1951. A more detailed study of periodicities and phases in upper 
air temperatures over the whole United States during April, July, and Novem- 
ber 1950, and throughout the troposphere along the 95-degree west meri- 
dian during April 1950, was issued at the same time as Occasional Report 
No. 27. These two reports are incorporated into the present chapter, with 
the nomenclature changed to agree with that in earlier parts of this report 
and with a-few comments and supplemental data added in a new appendix. 
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Lantern slides giving Figs. 2, 3, and 5 of Occasional Report No. 26 were 
shown at the meeting of the National Academy of Sciences on 12 October 
1950. 
Periodic Fluctuations in the Ohio Basin Moisture Balance During 
April 1950 (Cycle 6)° 

During the past year [1950], much work was done by Project Cirrus per- 
sonnel in the analysis of periodicities in the rainfall across the United States. 
At times it is rather difficult to evaluate rainfall on.a purely periodic basis 
because of the fact that rainfall can never be less than zero. There are, ob- 
viously, differences between the over-all state of the atmosphere on successive 
dry days, but it is impossible to determine these differences in terms of rainfall. 
Consequently, the trend has been toward the analysis of variables that are 
More continuous. . 

It is a well-known fact that considerable heat is liberated by condensation; 
few people realize, however, that on a rainy day the amount of heat liberated 
in this manner may be several times that received as solar radiation. Surely 
this energy must cause changes in the atmospheric circulation over fairly 
large areas. If this is true, it is reasonable that, when the rainfall is periodic, 
there should also be a tendency for wind to be periodic. Pressure differences 
along the north coast of the Gulf of Mexico were analyzed, and they were 
found to be strongly periodic in the five-month interval from 11 December 
1949 to 29 April 1950 (see Table 8-II). 

Since during this time the flow of air into the United States from the Gulf 
of Mexico was periodic, an investigation of the flow of moisture into the same 
area was undertaken. Once again, the same interesting periodicity was found. 
This led to the question, ‘‘What happens to all this moisture after it enters 
the country ?”’ To answer this question, Dr. Langmuir proposed making a study 
of the moisture flow and rainfall in a closed quadrilateral. In this report, an 
analysis of the moisture flux and rainfall in the Ohio Basin (an area of 562,000 
square miles) from 2 April 1950 to 29 April 1950 is presented. The area and 
the time were chosen quite arbitrarily; later studies of other variables have 
shown that the choice was fortunate. The periodicities have existed in all 
of the months since periodic silver iodide seeding was started; April, however, 
was one of the best. 


Method of Calculation 
To determine the flow of moisture across any vertical boundary in the 
atmosphere, it is necessary to know two things: first, the average wind normal 


to the surface at several levels, and second, the average moisture content at 
several levels. These data were obtained from the 0130 EST Daily Weather 


* This report was prepared by Lt. Comdr. W. E. Hubert and H. J. Wells, AGC, U.S. Navy, 
as Occasional Report No. 26 under Signal Corps Contract No. W-36-039-sc-38141 (issued 15 
January 1951). 
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Maps and the 0300Z radiosonde soundings published in the Daily Upper 
Air Bulletin. The 16 radiosonde stations used were: 


West Leg North Leg East Leg’ South Leg 

Lake Charles Omaha Buffalo Charleston 

Oklahoma City Chicago Washington Atlanta 

Little Rock Cleveland Greensboro Tampa 

Omaha Buffalo Charleston Lake Charles 
Figure 9-1 shows the boundary of the area in this study. 


Fic. 9-1. Boundary of Ohio Basin. (Fig. 1 from Occasional Report 26.) 


The wind normal to each boundary at the surface was determined from 
the pressure differences at sea level between corner stations. The upper winds 
were determined from the height differences between corner stations at the 
850-, 700-, and 500-millibar levels. The conversions from pressure and height 
differences to the normal winds were made using nomograms in Section I 
of the Handbook of Meteorology. 

The moisture content in grams per kilogram for each level was averaged 
for the four stations along each boundary and then converted to grams p¢er 
cubic meter by using the following factors: 


Conversion Factors (g/kg) to (g/m*) 


Surface 1.19 
5000 feet (850 mb) 1.00 
10,000 feet (700 mb) 0.88 
19,000 feet (500 mb) 0.66 
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The moisture flux at each level in g/m? sec is the product of the wind by 
the moisture content. The moisture flux through each layer (surface to 5000 
feet, 5000 feet to 10,000 feet, and 10,000 feet to 19,000 feet) was found by 
multiplying the average flux per m* by the boundary area. Allowance was 
made in the bottom layer for variation in the height of the surface. 

The average rainfall over the area was determined from the daily totals 
at 36 reporting stations inside the quadrilateral. The conversion to rate of rain- 
fall in grams per second was made to facilitate comparison with the moisture 
flux. : 

Taste I 
(from Occasional Report No. 26) : 
Summary of Ohio Basin Moisture Flux and Rainfall from 2 April to 29 April 








1950 
Units 10°° grams per second 
| $fe.-5000 feet | 5-10,000 feet | 10-19,000 feet Total 
; In | Out | In | Out | In | Out | In | Out | Rain | Net | Cum 











Apr2 | 19.6 7.0 15.9 10.8 12.0 8.3 | 47.5 | 26.1 5.5 | 15.9] 15.9 
3 15.5 7.7 12.0 9.8 9.1 9.0 | 36.6 | 26.5 | 19.4 |- 9.3 6.6 
4 6.2 91 3.5 8.5 2.9 8.6 | 12.6 | 26.2 | 16.0 |-29.6 |-23.0 
5 2.9 8.1 2.2 74 2.6 7.5 | 7.7 23.0 0.7 |-16.0 | -39.0 
6 3.8 3.6 2.8 1.7 4.4 2.5 | 11.0 7.8 0.1 3.1 |-35.9 
7 4.8 1.7 6.2 3.5 7.6 5.3 | 18.6] 10.5 0.0 8.1 |-27.8 
8 | 13.6 2.9 | 10.3 5.4 8.3 6.4 | 32.2 | 14.7 0.1 | 17.4 |-10.4 
9 | 18.4 8.0 8.0 3.4 6.3 5.3 | 32.7 | 16.7 3.5 | 12.5 24 
10 5.3 4.7 4.3 7.8 5.8 9.1 | 15.4] 21.6 3.7 |- 9.9 |- 7.8 
11 5.9 10.9 8.3 11.5 9.0 9.3 | 23.2 | 31.7 1.7 |-10.2 |-18.0 
12; 3.4 7.6 5.1 4.8 8.7 5.8 | 16.9 | 18.2 0.4 |- 1.7 |-19.7 
13 1.9 6.5 41 14 5.9 6.3 | 11.9 | 20.2 0.5 |- 8.8 |-28.5 
14 2.2 4.8 3.9 6.9 3.7 5.3 9.8 | 17.0 0.1 |- 7.3 |-35.8 
15 1.5 1.1 2.7 2.4 3.2 2.7 74 | 6.2 0.0 1.2 |-34.6 
16 5.9 1.8 5.4 2.0 5.9 2.0 | 17.2 5.8 0.2 | 11.2 |-23.4 
17 7.6 2.5 6.7 3.6 5.9 3.1 | 20.2 9.2 1.5 9.5 |-13.9 
18 3.7 2.9 4.9 5.7 4.7 4.3 | 13.3 | 12.9 2.7 |- 2.3 |-16.2 
19 3.8 6.7 3.8 75 5.4 7.9 | 13.0] 22.1 3.7 |-12.8 |-29.0 
20 5.3 5.4 6.1 6.9 6.8 7.3 | 18.2} 19.6 0.7 |= 2.1 |-31-1 
21 12.9 3.4 11.0 4.8 9.6 5. | 33.5 | 13.3 0.3 | 19.9 |-11.2 
22 =| 25.5 8.6 16.1 9.1 10.2 7.6 | 51.8 | 25.3 3.5 | 23.0 | 11.8 
23: | 22.4 9.1 16.3 10.8 11.9 8.1 | 50.3 | 28.0 7.8 | 14.5 | 26.3 
24 | 11.4 5.8 12.1 9.8 9.0 9.0 | 32.5 | 24.6 | 10.4 |- 2.5 | 23.8 
25 5.8 4.0 6.4 8.4 5.8 9.2 | 18.0 | 21.6 | 10.7 |-14.3 9.5 
26 3.3 3.3 5.6 5.2 6.8 4.8 | 15.7 | 13.3 0.2 2.2 | 11.7 
27 5.9 4.2 8.0 4.1 8.8 4.7 | 22.7 | 13.0] 0.7 9.0 | 20.7 
28 9.6 5.0 10.2 5.4 9.1 5.5 | 28.9] 15.9 5.0 8.0 | 28.7 
29 8.4 4.8 7.7 4.7 8.5 8.2 | 24.6 | 17.7] 10.7 |- 3.8 | 24.9 





























—— 
22.1 











Average| 8.4 | 5.4 





75 | 64] 74 | 64 | “0 182 3.9 
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Moisture Flux and Rainfall Balance 

Table I (from Occasional Report No. 26) presents a summary of the moisture 
flux and rainfall obtained for each day of the 28-day cycle. It is interesting 
that the average ingoing flux (23.0 x 10° g/sec) is balanced within four per 
cent by the sum of the outgoing flux and the rainfall (22.1 x 10°° g/eec). Unknown 
quantities such as evaporation and flux out of the top of the basin could easily 
account for the difference. The rain that fell in the basin amounted to about 
17 per cent of the total ingoing moisture flux. This figure agrees favorably 
with the value of 20 per cent obtained by Benton, Blackburn, and Snead* 
for the Mississippi watershed. 
Observed Periodicities 

Moisture Flux and Rainfall.—Figure 9-2 shows the average flux in, rainfall, 
and flux out for each day of the week and the corresponding periodic function, 
y = A cos (9—¢), which best fits the observed data. Correlation coefficients 


CC (26): 0.63 
26.58 DAYS 
SF: 556 


CC (28).*0.85 
#0.96 oaYs ° 
SF 92 


AVERAGE 


DAILY 


CC (28) +0.42 
* 1.49 DAYS 





SUN : MON TUE WED THU FRI sat SUN 
Fic. 9-2. Daily average moisture flux and rainfall for Ohio Basin from 2 April t° 
29 April 1950. (Fig. 2 from Occasional Report 26.) 


a jn th 
* G. S. Benton, R. T. Blackburn, and V. O. Snead, ‘‘The Role of the Atmosphere in te 
Hydrologic Cycle,” Trans. Am. Geophys. Union, 61, No. 1 (February 1950). 
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based on the 28 daily values of each variable were 0.63, 0.55, and 0.42, respective- 
ly. The significance factors, SF, are respectively 556, 92, and 12, as calculated 
by Eqs. (5-15) and (5-18). The significance factor, SF, is the reciprocal of 
the probability that a correlation as high as that observed could occur by random 
samplings of the 28 values of the variate. The relatively high amplitudes of 
the periodic functions and the phases of their maxima should be noted. The 
maximum influx is followed 27 hours later by the maximum rainfall intensity 
and 39 hours later by the maximum outflux. The phases ¢ given in the figures 
represent the day of occurrence of the maximum, taking ¢ = 0 for Sunday, 
1 for Monday, etc. 


10 
9 
6 

§ 7 

x 6 

j 8 
4 

2 

23 
2 

3 

e t 

w 

z0 

‘ CC(28) 0.77 

: 26.63 DAYS 
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Fic. 9-3. Average net flux between the surface and 5000 feet into the Ohio Basin 
from 2 April to 29 April 1950. (Fig. 3 from Occasional Report 26.) 


In Fig. 9-3 are shown the daily averages of the net flux into the basin in 
the layer between the surface and 5000 feet and the curve of the corresponding 
cosine function. The correlation coefficient of 0.77 for the 28 daily values 
represents a significance factor of 76,000. Furthermore, the amplitude of the 
fluctuations is almost twice the daily average. 

Moisture Content.—Since the net flux into the basin is usually far from 
zero, there are times when considerable moisture is being stored and other 
times when it is being lost. Figure 4 shows that the moisture content fits 
a seven-day periodic function with a correlation coefficient of 0.48. 

Center of Gravity Differences.—A glance at the averages in Table I (from 
Occasional Report No. 26) shows that in the lowest layer only 64 per cent 
of the influx goes out in the same layer. However, in the top layer, 90 per 
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cent of the influx goes out in the same layer. Probably more low-level moisture 
falls as rain, and in addition some moisture is carried upward through one 
layer into the next. To get an idea of how much “‘lifting’”’ occurs, the heights 
of the centers of gravity of influx and of outflux were computed each day. 
The average differences between these heights are shown in Fig. 9-5. Once 
again, the same seven-day periodicity is found, this time with a correlation 
coefficient of 0.69. The amplitude of this curve is quite significant in that 
Sundays have an average “‘lifting’”’ of 1400 feet, while Wednesdays have ‘‘sub- 
sidence”’ of about 900 feet. Note that the maximum rainfall follows the maximum 
center of gravity difference by 0.98 day. 


34 6 










32 


30 


24 


DAILY AVERAGE CONTENT (10'S Grams) 


Cc (28)*0.48 
$0.67 pays 
18 SF* 26 


SUN MON. TUE WED THU FRI SaT SUN 


Fic. 9-4. Daily average moisture content (surface to 19,000 feet) in Ohio Basin from 
2 April to 29 April 1950. (Fig. 4 from Occasional Report 26.) 


850-Milibar Temperature. — Since all of the above variables were highly 
periodic, it was felt that temperatures should show a similar periodicity. This 
should be especially true if one keeps in mind the large amounts of heat liber- 
ated by periodic condensation. Accordingly, the average 850-millibar tempera- 
ture over the basis was found from daily raobs at the four corner stations and 
at Nashville, which lies approximately in the center of the area. Figure 9-6 
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shows that the 28 daily values can be fitted by a seven-day periodic function 
with a correlation coefficient of 0.63. The curve shows that, at 850 millibars, 
Sundays were almost eight degrees Centigrade warmer than Wednesdays. 
This occurred over an area of 562, 000 square miles for an interval of 28 days. 


Conclustons 


These data have shown that a definite seven-day periodicity did exist in 
the atmosphere over the Ohio Basin during this 28-day cycle. Furthermore, 
the correlations with a seven-day periodic function were significantly high, 
and the amplitudes represented not small ripples but very marked changes. 
The first question to be answered, therefore, is, ‘‘Have such periodicities 
been found before?” 


cc (28) * 0.69 
.00 DAYS 
SF = 3200 


DAILY AVERAGE IN HUNDREDS OF FEET 





SUN MON TUE WED THU FRI SAT SUN 


Fic. 9-5. Daily average difference in height between the center of gravity ofoutgoing 
and incoming moisture flux in the Ohio Basin from 2 April to 29 April 1950. (Fig. 5 
from Occasional Report 26.) 


Langmuir has found that atmospheric changes are somewhat periodic 
because of the natural tendency toward similarity between the weather on 
successive days. Considerable work on data of past years has shown that for 
28 days a seven-day period with a correlation coefficient of 0.30 or even 0.40 
may occasionally occur. In other words, significance factors of 10 or 100 to 
1 and perhaps even 500 to 1 may be found in past years. The study for April 
1950, however, has shown that over very large areas highly significant corre- 
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lation coefficients occur for numerous meteorological variates, which seem 
to be far outside the range one would expect from data of former years. 
This brings us to the second question, ‘‘Why is this year different from 
previous years?’ An explanation based upon a series of fortuitous events 
appears to be ruled out, if we believe the significance of this year’s periodicities 





CC (28) 20.63 
¢ = 0.20 DAYS 
2 SF = 556 


DAILY AVERAGE TEMPERATURE (° CENT.) 


SUN MON TUE WED THU FRI SAT SUN 


Fic. 9-6. Daily average 850-millibar temperature (°C) over Ohio Basin from 2 April 
to 29 April 1950. (Fig. 6 from Occasional Report 26.) 


to be in an entirely different class from those found before. Therefore, we 
should hunt for something being done this year which has not been done 
before. Regular silver iodide seeding appears to be the only logical answer. 

Since 7 December 1949, silver iodide seeding has been carried out in New 
Mexico on a prearranged schedule; this schedule has a weekly period as its 
principle harmonic. It is now a well-accepted fact that, under the right tempera- 
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ture and moisture conditions, clouds can be greatly modified by the introduction 
of silver iodide nuclei. Furthermore, these modifications can cause precipitation 
to take place. If this effect continued to grow and grow, more and more heat 
would be added to the atmosphere. As Langmuir has often pointed out, ‘‘Why 
couldn’t this heat of condensation cause major circulation changes?” This 
theory would offer a perfectly logical explanation for the periodicity observed 
in every one of the variables used in this study. 


Seven-Day Periodicity in Upper Air Temperatures Induced by Localized 
Silver Iodide Seeding* i 


Introduction 

In Occasional Report No. 26, it was shown that during Cycle 6 the average 
temperature over the Ohio Basin at the 850-mb level showed a marked seven-day 
period. Since temperature is a continuous, convenient variable, it was decided 
to study upper air temperatures over the entire United States and determine 
the area and height at which the periodicities were most pronounced. It was 
found that the effect extended to the tropopause and caused large periodic 
changes in the height of the tropopause. 

As an appendix to this paper, Dr. Irving Langmuir has performed a sta- 
tistical analysis of the significance of these data. Of especial interest is his 
comparison between the periodicities of temperature during April 1950 and 
April of the preceding year. 


Temperature periodicities at a constant pressure level 


United States at 850 mb from 2 to 29 April 1950. — During this period, 
the 850-mb temperatures (700 mb in the case of Rocky Mountain stations) 
for a number of selected stations were taken from the Daily Upper Air Bulletin 
radiosonde soundings. From each set of 28 observations, the correlation with 
a seven-day periodic function, the amplitude of the function, and the phase 
of the function’s maximum, were determined. In order to get a complet 
picture of these results, each variable was plotted on a separate map of the 
United States, and contours of equal values were drawn. These maps are 
shown in Figs. 9-7, 9-8, and 9-9. 

Figure 9-7 shows the remarkable manner in which the correlations increase 
with distance from New Mexico. This is especially evident toward the northeast, 
which is the direction in which most weather systems travel from the south- 


* This is a slightly revised edition of Occasional Report No. 27, issued 15 January 1951. 
It was prepared under Signal Corps Contract No. W-36-039-sc-38141. The original appendix 
in Occasional Report No. 27 contained only two tables—those which are now marked Table 
9-1 and Table 9-V. All the data in the other tables which are now contained in this enlarged 
appendix have not previously been published (except Tables 9-III1 and 9-IV). They were 
collected and partly analyzed by Hubert and Wells before 10 January 1951. 
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western part of the United States. If periodic silver iodide seeding is causing 
periodic temperature changes, this is exactly the direction in which the effects 
would be expected to be most pronounced. Furthermore, Fig. 9-8 shows 
that the maximum amplitude of the periodic changes occurred in the same 


0.30 0.40 0.50 ‘ 040 0.30 





Fic. 9-7. Correlation coefficients of the 28 daily temperatures at 850 mb with a seven- 
day periodic function from 2 April 1950 to 29 April 1950, Cycle 6. (Fig. 1 from 
Occasional Report 27.) 





Fic. 9-8. Amplitude of the seven-day temperature function at 850 mb (in degrees 
cent.) from 2 April 1950 to 29 April 1950, Cycle 6. (Fig. 2 from Occasional Report 27.) 
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area as the maximum correlation with the seven-day function. Periodic changes 
wherein Sundays are more than 16 degrees Centigrade warmer than Wednes- 
days (as represented by the maximum amplitude contour) are obviously highly 
significant. Figure 9-9 shows the fairly regular progression of the temperature 
maxima across the country except in the New Mexico area. This peculiar 
effect cannot be explained entirely by mountain influences because it did not 
occur farther north. 





TUE ‘wed 


Fic. 9-9. Phase of the maximum temperature at 850-mb level from 2 April to 29 April 
1950, Cycle 6. (Fig. 3 from Occasional Report 27.) 


North America at 850 mb from 25 June to 22 July 1950 (Cycle 9). — The 
same method of investigation used in April was carried out for this 28-day 
cycle. Except for the fact that the amplitudes were somewhat lower (as would 
be expected in summer), the results were very much the same as found earlier 
in the year. With this much larger area, the belt of high correlation extended 
not only northeastward from New Mexico but also to the westward, although 
it was weaker intensity in this direction. This might be expected, owing to a 
‘backing up” effect in the westerlies which pass over New Mexico and curve 
toward the northeast. Figure 10 shows that the maximum correlations and 
amplitudes occurred in approximately the same areas as before. Figure 9-11 
shows that the phases are reasonably close to those in April, with the same 
peculiar indentation occurring in the New Mexico area. 

United States at 850 mb from 3 to 30 April 1949. — In order to see how 
‘‘preseeding” and ‘‘postseeding” months might compare, the same analysis 
was performed at the same stations for a 28-day interval in April 1949. The 
results of this study are shown in Figs. 9-12, 9-13, and 9-14. Slight maxima of 
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correlation coefficients and amplitudes occurred in Texas and Maine, but 
they are insignificant compared with the maxima in April 1950. Furthermore, 
the correlation coefficients in the central part of the country were very low, 
and the phases show nothing out of the ordinary in the New Mexico area. 
Dr. Langmuir’s appendix clearly shows the significant differences between 





Fic. 9-12. Correlation coefficient of the 28 daily temperatures at 850 mb with a seven- 
day periodic function from 3 April 1949 to 30 April 1949. (Fig. 6 from Occasional 
Report 27.) 





40 3.0 


Fic. 9-13. Amplitude of the seven-day temperature function at 850 mb (in degrees 
Cent.) from 3 April to 30 April 1949. (Fig. 7 from Occasional Report 27.) 
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the temperature periodicities of April 1949 as compared with April 1950. 
By purely statistical means, he is able to determine the probabilities of such 
periodicities occurring owing to chance and to compare the probabilities for 
April 1949 with those for April 1950 over an area of approximately 1,275,000 
square miles. 


Temperature periodicities along a north-south cross section 


To determine the variation of periodicity with height in the atmosphere, 
an analysis of the temperature fluctuations along a northsouth cross section 
was performed. The 850-, 700-, 500-, 400-, and 300-millibar temperatures 
at six stations from Lake Char'es, Louisiana, to International Falls, Minnesota, 
were used in this study. Figure 9-15 shows that the correlation coefficients 
were even higher at 700 mb than they were at 850 mb, the maximum correlation 
occurring at about 12,000 feet just south of Omaha, Nebraska. Figure 9-16, 
meanwhile, indicates that the maximum amplitude occurred at about the 
same latitude, but at a slightly lower height of 8000 feet. According to Fig. 9-17, 
the mean position of the jet stream for this 28-day cycle was to the south of 
the maximum amplitude. If the maximum temperature changes occur in the 
cold air, this would agree quite well with the theory that the jet stream was 
located near the intersection of the polar front and the tropopause. 


Periodic fluctuations in the height of the tropopause 

At Omaha, Nabraska, and Chicago, Illinois, the height of the tropopause 
in millibars was recorded at 0300Z from 2 April to 29 April 1950 and studied 
for a seven-day period. The correlation coefficients were 0.69 and 0.828, 
respectively. Furthermore, the amplitudes in both cases were most significant. 
To obtain a clearer picture of these changes, the heights in millibars were 
converted to heights in thousands of feet, assuming a U.S. Standard Atmosphere. 
The resulting curves are shown in Figs. 9-18 and 9-19. On Saturdays, the 
tropopause over Chicago averaged almost 12,000 feet higher than on Wednes- 
days. As a comparison, an analysis of the tropopause height over Chicago in 
January 1949 gave a correlation coefficient of 0.17 and an amplitude of 1100 feet. 


Conclusions 

This study has shown that, during two different months in 1950, upper 
air temperatures had strong seven-day periodicities over a good portion of 
the United States, with a well-defined maximum in each case about 1000 
miles to the northeast.of New Mexico. In addition, it was found that these 
periodicities existed throughout the troposphere, with the result that the 
height of the tropopause also had a marked seven-day period in its fluctuations. 
For corresponding months in 1949, however, the correlation coefficients 
with a seven-day periodic function were well inside the range that may be 
expected with random sampling of a variable which has a slight tendency 
to be periodic because of the persistence factors. 
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Possibly these periodic temperature changes could be explained by periodic 
rainfall liberating periodic heat energy, which in turn causes circulations 
to be periodic, and so on. However, if future work on many past data shows 
that such marked periodicities have never occurred before, it is not necessary 
to explain just how these changes take place. The problem then is to find 
some reason why this year should be so different from previous years. In 
other words, ‘‘What is new in the atmosphere this year?” 





CHARLES: ROCK FALLS 


Fic. 9-15. Correlation coefficients of temperature with a seven-day periodic function 
from 2 April 1950 to 29 April 1950 (Cycle 6). (Fig. 9 from Occasional Report 27.) 
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Fic. 9-16. Amplitude of seven-day periodic function (°C) from 2 April 1950 to 29 
April 1950 (Cycle 6). (Fig. 10 from Occasional Report 27.) 
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OAILY AVERAGE WEIGHT IN THOUSANDS OF FEET 
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Fic. 9-18. Tropopause height at Omaha, Nebraska, from 2 April to 29 April 1950 
(Cycle 6). (Fig. 12 from Occasional Report 27.) 
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Fic. 9-19. Tropopause height at Chicago, Illinois, from 2 April to 29 April 1950 
(Cycle 6). (Fig. 13 from Occasional Report 27.) 
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A regular schedule of silver iodide seeding was started in New Mexico 
at the end of 1949 for the express purpose of introducing a seven-day period 
into the weather. This is the same period we have been finding in numerous 
weather phenomena since that time. Thus it would seem that the regular 
addition of artificial nuclei offers the most obvious explanation of the period- 
icities found in this study. Until another more logical explanation is found, 
the fact that the seeding and the weather have the same period (and that this 
periodicity is much stronger than ever before) stands on its own two feet. 


Appendix and Supplement 
Statistical analysis of data 
In Table 9-1 is shown a summary of Dr. Langmuir’s analysis of the 850-mb 
temperatures for April 1950 and April 1949. Nine stations which represent 
an area of approximately 1,275,000 square miles were used in the study. 


Tape 9-1 


Section A. Statistics of 850-mb Temperatures at 2200 EST from 2 April 1950 


to 29 April 1950 
Area: 1,275,000 square miles 


























1 | 2 3 4|s5s{6|/7]8]9| 10 | 11 12 

|.——_! = 
; . | 

Station | A&P! CCB)! gf, | Dr | De | Dr | Ds | F | CC(28)e 'Sf| SF 
Chicago 8.00 | 0.78 | 6.91 | 1463] 240] 895] 328 |30.1 | 0.855 | 6.29) 1.9>: 108 
Omaha 8.35 | 0.75 | 6.20 | 1741] 239] 979] 523 |22.1 | 0.807 | 5.04) 1.1:< 105 
Columbia 7.70 | 0.73 | 6.29 | 1580} 433| 842] 305|30.4 | 0.857 | 6.33) 2.1105 
Oklahoma City! 5.89 | 0.68 | 5.83 | 1046] 86] 494] 466 |11.7 | 0.717 | 3.45| 2800 
Buffalo 6.60 | 0.67 | 1.10 | 1363] 216] 612] 535|12.6 | 0.730 | 3.64] 4400 
St. Cloud 5.86 | 0.65 | 6.38 | 1156] 215] 486] 455|11.8 |} 0.719 | 3.47] 2960 
Nashville 6.07 | 0.57 | 6.99 | 1478] 554] 479] 445|11.8 | 0.720 | 3.49} 3100 
Washington | 5.72| 0.52 1.12 | 1707| 773| 462] 472|10.8 | 0.703 | 3.26; 1820 
Charleston | 3.79 | 0.50 1.17] 820] 301] 205] 314] 7.2 | 0.628 | 2.40 250 
Average | 6.45 | 0.65 | 0.00 | 1374| 340 606 | 427 | —| 0.763 | 4.18] 15,000 





Section B. Similar Data for 3 April 1949 to 30 April 1949 





Chicago 1.89 0.24 | 2.82 | 874) 353) 50) 471) 1.2] 0.31 0.5 3 
Omaha 0.70 0.08 | 2.32 | 1037| 376 6} 655} 0.2 | 0.09 0.1 1.3 
Columbia 0.90 0.14 | 3.58 | 577) 337} 11] 229) 1.5 | 0.21 0.6 4 
Oklahoma City| 2.70 0.33 | 4.35 | 954) 236] 104) 614) 1.9 0.38 08; 6 
Buffalo 2.94 0.39 | 3.30 | 788} 216] 120) 452| 3.2] 0.46 0.95} 9 
St. Cloud 1.33 0.16 | 2.12 | 962) 421| 24] 517; 0.3 | 0.21 0.1 1.3 
Nashville 1.16 0.17 | 3.42 | 619) 139] 19) 461] 0.4] 0.20 0.1 1.3 


Washington 2.62 0.36 | 3.14 | 729) 189) 94) 446) 2.0) 0.42 0.8 6 
Charleston 0.76 0.18 | 4.05 | 257) 21 8} 228] 0.4 | 0.18 0.1 1.3 


Average i 1.67 | 0.23 | 3.25 | 755) 254) 48) 453; —j| 0.27 0.36} 2.3 
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The authors have since used Dr. Langmuir’s method of analysis to compare 
700-mb temperatures in November 1950 with those of November 1948. This 
comparison was made for seven stations which cover an area of approximately 
350,000 square miles. A summary of this analysis is shown in Table 9-V. 

The analysis of the data in these two tables and in the other tables now 
in this appendix will be discussed by the methods that we have developed 
in Chapters 5 to 8. 

Tables 9-I and 9-II are a summary of the variance analyses of the periodic 
upper air temperatures over the nine stations that lie within the 0.50 contour 
in the map of Fig. 9-7. The sequence of the stations in the tables was determined 


Tasie 9-II 


Section A. Statistics of CC(7) and Phases for 850-mb Temperatures from 
2 April 1950 to 29 April 1950 












































1 2 3 4 |5 6 | 7 8 9 10 

7 Coordinates 

Station De | Dc-Dp iad Miles | Gone | * a foate | Cos — toate) 
1 ys ys 

r | SF | x | y 
Chicago 926| 31 |0.983) 890 | +405| +330] 7.00] —0.10 0.9960 
Omaha 1021 | 42 | 0.979] 600 | — 10} +310] 6.07] +0.13 0.9932 
Columbia 880 | 38 | 0.978] 540 | +150] +180] 6.43 | —0.14 0.9921 
Oklahoma City) 538 | 44 |0.958| 149] —130| — 40] 5.81) +0.02 0.9998 
Buffalo 679 | 67 |0.949| 102} +850] +430] 8.00| +0.10 | 0.9960 
St. Cloud 508 | 22 | 0.978] 540 | +100} +570] 6.31 | +0.07 0.9980 
Nashville 515] 36 | 0.964] 205 | +460] — 20) 7.14] —0.15 0.9910 
Washington 474 | 12 | 0.987] 1600 | +960] +170] 8.25 | —0.13 0.9932 
Charleston 218| 13 |0.970| 278 | +830) —240] 7.98 | +0.19 0.9854 
Average | 640| 34 | 0.975 | 425 | +401| +187 7.00 | 0.00 0.9938 





Regression Equation: ¢oaic = 6.10+0.002245 x —0.000032 y. 
CC(%ore %oatc) = +0.9899; SF = 123,000; Dg = 0.135; S.D. = +0.150 day. 


Section B. Similar Data for 3 April 1949 to 30 April 1949 











Chicago 236 | 186 | 0.460] 1.6 | —0.41 +0.93 
Omaha 80| 74 |0.274] 1.2 +0.02 +1.00 
Columbia 103 | 92 | 0.332} 1.3 +0.92 +0.68 
Oklahoma City} 231} 127 | 0.670| 3.3 +231 —0.47 
Buffalo 134| 14 | 0.945 |100 —0.93 +0.67 
St. Cloud 45] 21 |0.730] 4.6 —0.42 +0.93 
Nashville 100] 81 |0.436| 1.5 +0.05 +1.00 
Washington 120| 26 | 0,882] 21 —1.34 +0.36 
Charleston 47| 39 10412] 1.5 —0.16 +0.99 
Average | 122 | 4 | 0.571 2.2 0.00 +0.67 

















Standard Deviation for Column 9: S.D. = +1.07 days = +210°. 
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by the magnitudes of CC(28), starting with the highest and proceeding to 
the lower values. 

The tabulated values of the deviances and other quantities in Tables 9-I 
and 9-II were calculated by the methods illustrated in Tables 9-III and 9-IV 
from the actual 850-mb temperature data at Chicago during Cycle 6. 

The calculations of Table 9-III follow the same pattern as those of Table 
5-III. The regression equation expressing the seven-day periodic component 
of the temperature can be represented by 

T.sic = Average+Amplitude cos (8—¢), 
where 6 is the variable phase angle in terms of 360 degrees for seven days 
(8—0 on Sunday), and ¢ is the phase of the maximum temperature. 

The marked periodicity indicated by the changes in the value of the average 
temperature for the days of the week should be noted. The maximum comes 
on Monday and the minimum on Wednesday. 


Tasxe 9-III 
Daily Temperatures (°C) at 2206 EST at 950-mb Level over Chicago from 
2 April 1950 to 29 April 1950—Cycle 6 






























































| 
Sun. | Mon. | Tues. | Wed. | Thurs.| Fri. Sat. oun 

2 April 1950 | + 6.3) + 3.2} —11.2) — 7.2) — 28] +52] +18] — 47 

9 April 1950 | + 0.8! + 9.2) — 4.2} —14.2| — 9.2] -75] +42] —209 
16 April 1950 + 8.0; + 7.2) +1.8) — 4.8) — 40) 40.2) +128) +212 
23 April 1950 +14.2; +10.2| + 4.8) — 1.5] — 65] +18] + 7.8] +308 
Sum, C = +29.3) +29.8| — 8.8) —27.7} —22.5) -0.3| +266] +26.4 
Average = + 7.3) + 7.4; — 2.2) — 6.9, — 5.6} —0.1 + 6.7 + 0.94 
Tate = | + 8.9) + 5.4| — 14) — 65] — 60! -0.2|; + 64] + 0.94 
Diff. = , — 16, 420) — 08; — 04, +04) +01] + 03 0.00 

| 1 





CC(28) = 0.782; Phase: ¢ = 356° = 6.91 days. 
Regression Equations (temp. T in °C): 
Tato = 0.94+7.98 cos 6 —0.59 sin8 

or 


Teaco = 0.94+8.00 cos (@—¢); S.D. = 413°C. 


The amplitudes of the calculated temperature fluctuations are +8.00°C 
or a total range of 16°C. The difference between the calculated and the ob- 
served are very small as compared to this range. The standard deviation S.D. 
= +1.13°C. 

The variance analysis in Table 9-IV is like that illustrated in Table 5-IX, 
where correction was made for the effect of D,, the deviance due to the Rows. 
The significance factor can be determined directly by using the Fisher F-ratio 
as shown in Table 9-IV, or from CC(28), by Eq. (5-18). 
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TaBLe 9-IV 


Variance Analysis for 850-mb Temperature over Chicago for Cycle 6 
(Data from Table 9-I, Section A) 




















Degrees 
of Freedom 

DevianceD| d Variance| F SF 
Total T 1463 27 _ _ _ 
Rows R 240 3 80.0 5.37 17 
7-Day Period P 895 2 448 30.1 2x 10¢ 
Residue E 328 22 14.91 1.00 _ 

Within Columns: 

Columns Cc 926 6 | — _— —_ 
7-Day Period P 895 2 447.5 57.74 890 
Residue E 31 4 7.75 1.0 _ 














CC(28)p = ¥895/(1463 —240) = 0.885; SF = 1.9x 10*. 
CC(7) = 895/926 = 0.983; SF = 890. 





The significance of the seven-day periodicity thus has the extremely high 
value SF = 2x10. 

Even the significance of CC(7) = 0.983 corresponds to the high value 
SF = 890. ee 

These values of SF are very much greater than any obtained in the analysis 
of rainfall data. : : 

A careful comparison of the data at the head of Table 5-III with those 
in Table 9-III prepared by Hubert and Wells shows how much more regular 
the temperature data are than the rainfall. Here we are not troubled by skewness 
of the distribution function. There is always a temperature which differs 
in a significant way from that of neighboring days, whereas many days have 
no rainfall. 

Also, a comparison of Table 9-IV with Table 5-IX is very informative. The 
F-ratio for the rainfall—and this was one of the best examples of high 
periodicity in rainfall (Cycle 6, Group A stations)—was 8.14, whereas the 
present data for the temperatures give 30.1 for Cycle 6 at Chicago. 

The values of the deviance and the correlation coefficients obtained from 
Tables 9-III and 9-IV for Chicago have been inserted in the top lines of 
Tables 9-I and 9-II. 

Similar calculations were made for each of the stations listed in Table 
9-I for April 1950 and for April 1949. 

An article was published* in December 1950 which gave in detail Tables 
9-III and 9-IV of this present chaper, and contained the list of values of CC(28) 

* I. Langmuir, ‘‘A Seven-Day Periodicity in Weather in the United States during April 
1950,” Bull. Am. Meteorol. Soc. 31, 386 (1950). 
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in Column 3 of Table 9-I for each of the nine stations and the average of the 
CC(28) and SF values from the similar data for April 1949. 

The high periodicities in April 1950 are indicated in Table 9-I by the high 
amplitudes in Column 2, the large values of CC(28) in Column 3, the regularity 
of the changes of phase in Column 4, the very high values of D, in Column 7, 
and, of course, the high values of CC(28), and the corresponding significance 
factors in Columns 10, 11, and 12. 

The data for April 1949 in the second section of Table 9-I show nothing 
of significance in any of these columns for this year of no seeding. The 
amplitudes and the correlation coefficients do not tend to be high at the stations 
at the head of the list as they were in 1950, but are distributed irregularly 
among the nine stations. 

The last line of each of the two sections of Table 9-I gives the averages 
of the values in each of the columns. These averages for Columns 2 to 8 are 
the arithmetical means of the eight entries in each of the columns. Because 
some of the values of CC(28), in Column 10 of Section A are very high, the 
vector used in Eq. (7-3) is needed to take into account the high weight of 
correlations that approach unity in magnitude. 

Therefore, the method C(2) illustrated in Table 7-III has been employed 
in combining the data of Column 10 in Section A of the table. For Section B, 
however, none of these values is large. The factor 1—r* in Eq. (7-3) becomes 
of very little importance and, therefore, the arithmetical mean 0.27 gives an 
adequate representation of the data for April 1949. 

This method for 1950 gives 0.763 for the mean value of CC(28), with 
SF = 15,000; if the arithmetical mean of these nine ‘values is obtained, the 
value is 0.748, which gives SF = 9000. Similarly, the effective mean loga- 
rithm, 4.18, at the foot of .Column 11 is calculated from the average value 
of CC(28), at the foot of Column 10 by Eq. (5-18), using m = 11. 

The data of Table 9-I present some other features of particular interest. 

The average value of D, for the nine stations is 606 for 1950, but only 48 
for 1949. The highest of the D; values in 1949 is 120 at Buffalo, but the lowest 
value in 1950 is 205 at Charleston. 

The total deviance D, averages 1374 in 1950 but only 755 in 1949. This 
increment in 1950 is about equal to the periodic deviance D,. Column 8 gives 
the residual deviance D, = D,—D,—D,. These values of D, in 1950 and 
1949 are nearly indistinguishable in their distribution and range. In other 
words, the two years are much alike except that in 1950 a large 7-day period- 
icity (measured by D,) is superimposed upon the normal weather type of 
1949. 

Table 9-II is a continuation of Table 9-I. Columns 2, 3, 4, and 5 contain 
an analysis of the variance within the columns by the method illustrated in 
Table 5-VIII. These data give the relative magnitude of the 7-day, 7/2-day, 
and 7/3-day periodicities. If there were no autocorrelations or if the data 
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were shuffled before being analyzed, the values of r* for these three harmonics 
would have average values of 0.33, so that CC(7) would be 0.58. This is close 
to the actual average value of CC(7) = 0.571 for 1949 (foot of Column 4), 
but it is very much less than the average CC(7) = 0.975 for 1950, which gives 
SF = 425. 

The average residual deviance, corresponding to the harmonics of the week, 
represented by D,—D, in Column 3, has the very low value of 34 in 1950, 
which is even lower than the 74 in 1949. 


Phase Propagation of the 850-mb Temperature Waves 


A preliminary comparison of the phases in Column 4 of Table 9-I with 
the locations of the nine stations indicated a progressive increase in the phase 
going from western stations to those further east. The center of gravity of 
the nine stations was about 160 miles south of Chicago. The distance from 
Oklahoma City to Washington is about 1100 miles; the phase at Oklahoma 
City was 5.83 and at Washington 1.12 or 8.12. The maximum temperature 
thus reached Washington about 2.3 days after it had passed Oklahoma City, 
corresponding to a speed of approximately 20 miles per hour from west 
to east. 

A rectangular grid of parallel lines 100 miles apart was superimposed on 
a map of the United States so that the horizontal lines of the grid were parallel 
to the lines of latitude at the longitude of Knoxville, Tennessee. The coor- 
dinates x and y of this arbitrary coordinate system for the nine stations, ex- 
pressed in statute miles, are given in Columns 6 and 7 of Table 9-II. 

By the method of least squares, a regression equation was constructed 
giving the phase ¢,,,, in terms of the coordinates x and y. This equation is 
given just under Section A of Table 9-II, and the values of $,,, are,in Column 8, 
The differences between the observed and calculated values, ¢—@ 1, 28 
given in Column 9, are very small indeed compared with the range of 2.3 
days between the values of ¢ from Oklahoma City to Washington. 

The correlation coefficient between ¢ and $4... was found to be + 0.9899. 
The significance factor, SF = 1.23 10%, can be calculated by Eq. (5-18) 
from the correlation coefficient and the value of m = 3. In the variance analysis 
underlying this calculation, we take d, = 2 for the degrees of freedom cor- 
responding to the regression equation, since we have calculated the coefficients 
for the x and the y terms. The total degrees of freedom for the nine observa- 
tions is 8, leaving for the residual degrees of freedom d, = 6; and, therefore, 
m = d,/d, = 6/2 = 3. The variance ratio F is 146.2. 

The total deviance corresponding to the nine values of ¢ in Column 4 
of Table 9-I is 6.74 (days)*, and the residual deviance is 0.135 (days)*. Thus, 
the residual variance is 0.0225 (days)*, and the square root of this gives the 
standard deviation S.D. = +0.150 day, which corresponds to only 3.6 hours. 
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From the regression equation we can also calculate that the velocity of 
propagation of the phase waves is 445 statute miles per day, or 18.5 miles 
per hour from west to east. 

Although it takes 2.34 days for the maximum temperature to pass from 
Oklahoma City to Charleston, the time of arrival of the maximum temperature 
at each of the nine stations is given with an accuracy, or standard deviation, 
of 3.6 hours. 

Section B of Table 9-II for 1949 does not show any similar progression 
of phases from west to east. The phases seem rather to increase from north 
to south but without significant regularity. If we choose the same value for 
doa that we used for Section B of the table, we obtain the differences given 
in Column 9. The standard deviation of these is +1.07 days, which should 
be compared with +0.150 day for Section A of the table. 

These values of ¢—¢,1. for 1950 are so small that the cosine term given 
in Column 10 is very nearly equal to unity. Thus, if we combine the data 
of the separate cycles, taking into account the phase differences in getting 
the average in the last line of Section A the values of CC(7) and the 
corresponding values of SF are not significantly different from those that 
we have calculated. In the case of Section B, however, the effect of the phase 
correction factor in Column 10 is to reduce the average significance factor 
at the foot of Column 5 in Section B from 2.2 to 1.8. 

The data of Tables 9-I and 9-II for the statistics of the 850-mb temperatures 
in April 1950 are thus remarkable, not only in the high magnitudes of the peri- 
odic correlation coefficients and the corresponding significance factors, but 
also in the extraordinary regularity of the phase propagation across the country. 

The corresponding data for April 1949 have no significantly high 7-day 
periodicities, and the phases show no significant tendency to propagate in 
a regular way. 


700-mb Temperatures During November 1950 - 


In the appendix to Occasional Report No. 27, Hubert and Wells gave the 
statistics of the 700-mb temperatures at seven stations in the United States 
from 29 October to 25 November 1950. Table 9-V is a summary of the data 
that they obtained, with some modifications to make the table comparable 
with Tables 9-I and 9-II for Cycle 6. The 28-day interval chosen for analysis 
began the third week of the regular Cycle 13, which started on 15 October 
1950, so that Table 9-V corresponds to Cycle 13.5. 

After the summer of 1950, the amount of silver iodide seeding by commercial 
operators in the western states increased very greatly. Between August 1950 
and the middle of October, the upper air periodicities became much less striking 
than they had been in April 1950, but this may well be due to the increased 
background disturbance due to nonperiodic seeding. 
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The stations that were selected for Table 9-V were those that showed a cor- 
relation coefficient CC(28) greater than 0.50. The area is roughly one-quarter 
of that represented by the data of Table 9-I. The contrast between the values 
of D, in Column 7 for Section A for 1950 and the low values in Section B 
is about as striking as it was in Table 9-I. The average value at the foot of 
Column 7 was 629 in 1950 and 40 for 1948, giving an average SF = 3300 
for 1950 and 4.9 for 1948. 

In Occasional Report No. 27, Figs. 4 and 5 (corresponding to Figs. 9-10 
and 9-11 of the present chapter), are given the correlations and the phases 
of 850-mb temperatures in Cycle 9 from 25 June to 22 July 1950. Hubert 
and Wells did not make a variance analysis of these data, but in Table 9-VI 
we have now gathered the data for six of the stations that have values of CC(28) 
greater than 0.5. The average value of the significance factor is SF = 1300. 

All the deviances are much lower in the July data than those observed 
in April and in November This is probably a seasonal characteristic. The 
phases seem to show a general progression from west to east, but a detailed 
analysis has not been made. 


Tasig 9-VI 


Statistics of 850-mb Temperatures at 2200 EST From 25 fune 1950 to 22 fuly 
1950 (Cycle 9) 






































Station Am! | cc(as) rie Dr | Da | Dp | Dg | CC(28)x| SF 
Buffalo 2.99 | 0.727 | 0.81 | 234 2 | 124] 108 — 12,100 
Omaha 2.53 | 0.659 | 6.75 | 207 2 90 | 115 = 1250 
Chicago 2.94 | 0.639 | 0.74] 298 | 23 | 122] 153 — 900 
Albuquerque 2.06 | 0.605 | 1.22 | 163 61 60 42 0.766 16,500 
Oklahoma City | 2.26 | 0.549] 0.56 | 242 | 62 73 | 107 | 0.637 310 
Santa Maria 1.97 | 0.505 | 4.21] 212 | 41 54] 117 | 0.563 66 
Average | 2.46 | 0.614 | 0.05 | 226 | 32 | 87 | 107 — 1300 





Variance Analysis of Tropopause Heights over Chicago 


Table 9-VII contains daily pressures in millibars over Chicago during 
Cycle 6 at the tropopause. 

The preliminary variance analysis shows that the deviance due to the rows 
is not significant. The data in Table 9-VII for the average pressures in millibars 
for each of the days of the week were used by Hubert and Wells to construct 
Fig. 9-19 and to obtain CC(28) = 0.828 and SF = 1.6X10*. The analysis 
by which these correlation coefficients and significance factors were obtained 
are given in Table 9-VII. 

An analysis of variance within the columns shows that CC(7) = 0.932 
with SF = 59. This should be compared with the value CC(7) = 0.983 at 
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: Tasig 9-VII 
Daily Tropopause Heights over Chicago in mb from 2 April 1950 to 29 April 
1950 (Cycle 6) 
(All the tabulated pressures in mb have been decreased by 100 units) 


1950 | Sun. | Mon. | Tues. | Wed. |Thurs.| Fri. | Sat.|| R 





2 April | 120 74 | 152 | 230 | 122 | 105 |100 || 903 
9 April 97 | 130 | 165 | 184 | 175 | 127 | 88 || 966 
16 April 96 79 | 145 | 238 | 209 | 112 | 79 || 958 
23 April 65 | 121 | 174 | 215 | 100 86 | 67 || 828 


C | 378 | 404 | 636 | 867 | 606 | 430 /334 || 3655 
Avg. obs. | 94 | 101 | 159 | 218 | 152 | 108 | 84 || 131 
calc. | 91 | 100 | 164 | 209 | 161 99 | 91 


Variance Analysis 
| Deviance | d | Var. 


Total T| 69,413 |27) — 
Rows R 1736 3) 579 (not significant) 
Columns C} 54,386 | 6} 9064 
Residue E| 13,291 |18] 738 


Within Columns 
| Deviance | d | Var. Phase 
7-Day Period 47,279 2 | 23,640 | ¢,— 2.98 days 
7/2-Day Period 5722 2 2861 | = 2.98 days 
7/3-Day Period 1385 2 692 _- 


Significance of Weekly Period, Correcting for Semiweekly Period 





| Deviance | af. | Var. | F | SF 
Total T 69,413 | 27 _ - 
Semiweekly SW | 5722 2 | 2861 | 401 | 32 
Weekly “ P | 47,279 | 2 | 23,640 | 33.1 | 6x10 
Residue E 16,412 | 23 713.6} 1.0 


Regression Equation: 


Pmp = 230 + 58.2 cos(6—¢,)+20.2 cos 2(6—¢,) 
¢,; = $,= 2.98 days 


id SF_ 
CC(28) = ¥47,279/69,413 = 0.828 12.5 1.6 x 10° 
CC(28)sw = '47,279/63,691 = 0.861 11.5 5.9x 10° 
CC() = = '47,279/54,386 = 0.932 2 59 
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Chicago with SF = 890, as given for the 850-mb temperatures in Table 9-1 
and Table 9-II. The relatively low value of CC(7) indicates that the other 
harmonics of the week are playing a much more important part than they 
did in the case of the 850-mb temperatures. 

We have, therefore, determined the periodic deviance for the 7/2-day 
period and the 7/3-day period. The phases of the 7-day period and the 7/2-day 
period both give a maximum at 2.98 days. 

The regression equation for the first and second harmonics of the week 
is given by: 

Py, = 230+58.2 cos (8 —¢,)+20.2 cos2(0 —¢,), (9-1) 


where $, = $, = 2.98 days. The pressures calculated by this equation for 
the combined effects of the 7-day period and the 7/2-day period (reduced 
by 100 units) are given in the third line below the calendar-like part of Table 
9-VII. These calculated values indicate a sharp maximum pressure on Wednes- 
day and a very broad minimum from Friday extending through to Monday. 
This departure from the sine curve is, of course, due to the 7/2-day 
periodicity. 

The lower third of the table contains a variance analysis correcting for 
the effect of the semiweekly period, giving for the corrected correlation coef- 
ficient CC(28);s, = 0.861. The significance factor SF = 5.9x10* is cal- 
culated by Eq. (5-18) using m = 11.5. 

The recognition that there is a significant semiweekly periodicity which 
has SF = 32 decreases the residual deviance and thus increases the signifi- 
cance of the 7-day periodicity about fourfold. 

The significance of the periodic fluctuations of the tropopause heights 
thus becomes higher than any other periodicity that we have so far found 
for a single 28-day cycle. 


Rainfall as a Factor in Cyclogenesis 


The heat liberated in the atmosphere by the condensation of water droplets 
in rising convective or orographic clouds is usually taken into account by 
meteorologists by the use of dry and wet adiabatic lapse rates. 

When unsaturated air at 1000 meters altitude and 10°C rises to 3000 meters, 
the temperature falls to —10°C; but if the air at 1000 meters is saturated 
(cloud base), a similar adiabatic rise lowers the temperature only to —3°C. 
In this case, the evolution of heat caused by the condensation of moisture 
raises the temperature 7°C. 

This lowering of the lapse rate often leads to conditional instability in the 
air mass and facilitates the growth of convective clouds. If no rainfall occurs, 
the cloud droplets ultimately evaporate; so that, over large areas, there is no 
net heat evolution. If, however, rain does occur, there is left in the atmosphere 
the corresponding heat of condensation. 
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A rainfall of 1 cm or 1 g/cm* liberates heat sufficient to give a temperature 
rise of 3.5°C throughout the whole troposphere, which we assume extends 
from 950 mb to 250 mb. The mean daily solar heat received at sea level on 
clear days at latitude 40°N amounts to 410 g calories/cm* day (Handbook 
of Meteorology, Table 3, page 933). This heat if distributed through the tropo- 
sphere would be sufficient to raise its temperature 2.4°C. 

Similar calculations for latitude 40°N give temperature rises of 3.5° for 
June, 3.0° for April, and 1.1° for December.* Thus, at latitude 40°N during 
April, the solar heat on clear days is equivalent to that liberated by 0.86 cm 
of rain. 

According to Fig. 9-2, the highest average rate of rainfall in the Ohio Basin 
during Cycle 6 occurred on Mondays and amounted to 9X10! g/sec. The 
area of the Ohio Basin is 1.46 x 10!* cm?, and thus the average rainfall on Mon- 
days was 0.57 cm during Cycle 6. 

The evolution of heat corresponding to this rainfall would be sufficient 
to cause the temperature of the troposphere to rise at the rate of 1.9°C per 
day, which is about 2/3 of the rate of heating by the sun on clear days in April. 

A comparison of the heat evolved by rainfall with upper air temperatures 
is facilitated by considering merely the periodic components of rainfall and 
of upper air temperatures. 

The curve for the rainfall in Fig. 9-2 gives a rainfall amplitude of 0.24 cm 
per day. The corresponding rate of temperature rise in the troposphere is 
0.86°C per day. The phase is 0.98 day, so on Monday the calculated temper- 
ature rise would be 0.86°C, while between Thursday and Friday the temper- 
ature should fall by a like amount. 

Since rainfall corresponds to a rate of temperature change, it should be 
compared not with observed upper air temperatures but with their rates of 
change. 

The average periodic change in the 850-mb temperatures in the Ohio Basin 
is shown in Fig. 6 and gives an amplitude of 4.0°C, with a phase of ¢ = 0.20 
day. 

Figure 9-16 gives the amplitudes of the temperature changes at five levels 
corresponding to 850, 700, 500, 400, and 300 mb. A re-examination of Hubert 
and Wells’ original calculations has shown that over each station the phase 
is practically the same at each of these five altitudes. 

Thus, we can calculate the total periodic changes in heat content by multi- 
plying the amplitude for each layer by the heat capacity for that layer. The 
amplitudes decrease gradually at higher altitudes. Taking this into account, 
we conclude that for the Ohio Basin from ground level up to 250 mb the average 


* A comparison of the data in the Handbook of Meteorology with Table 98 of Smithsonian 
Meteorological Tables, 1931 edition, indicates that the values given in the Handbook correspond 
to an effective solar constant on clear days at the earth’s surface of 1.3 g calories/cm* min. 
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amplitude of the periodic temperature fluctuations was 3.1°. Thus, for the 
whole troposphere the average temperature is: 


T = const.+-3.1 cos 2x(@—¢)/7. (9-2) 


In this equation, 6 and @ are expressed in days, so the angle 2x(6—¢)/7 
is in radians. By differentiating this equation with respect to 0, we find the rate 
of temperature changes: 

dT/d0 = 2.8 sin 2n(0 —¢)/7. (9-3) 


The phase corresponding to the maximum rate of change in temperature 
is 90 degrees of 1.75 days ahead of the phase of the maximum temperature. 
Thus, the phaseYof the maximum rate of change of the observed temperature 
is 5.45 days, whereas the phase of the heat evolution by rainfall is 0.98 day. 
The phase difference is 2.53 days or 130 degrees. 

Considering that these two rates of change of temperatures are vectors, 
we can calculate the vector difference between them. Tis difference has a phase 
of 268 degrees or 6.2 days and an amplitude of 3.4°C per day, and it represents 

. the heating and cooling effects due to periodic influx of warm air from the 
south or cold air from the north and other periodic components associated 
with solar heating (modified by cloudiness) and outgoing radiation. 

The heat generated by the rainfall (amplitude, 0.86°C/day) is thus about 
31 per cent of that involved in the upper air temperature changes (2.8°C per 
day), but the phase relationships are such that the increase in upper air tem- 
peratures are not even in part due directly to the heat generated by the rain. 
On the other hand, the liberation of heat in these temperature waves at the 
time when the temperature is just past its maximum, and the subtraction 
of heat when the temperatures are the lowest, create the best condition for 
increasing the energy of these traveling waves. 

A comparison of the data on the periodic temperature fluctuations in Oc- 
casional Reports Nos. 26 and 27 shows that the amplitude of 4.0°C for fluctua- 
tions of the average temperature in the Ohio Basin (Fig. 9-2) is only half of 
that observed at Chicago (Table 9-I). According to Fig. 9-8, most of the north- 
ern part of the Ohio Basin has temperature amplitudes above 6.0°C. 

The Weather Bureau data in the Monthly Weather Review shows that 
the April 1950 rainfall in Illinois averaged 0.44 cm/day, which is almost twice 
the average of 0.23 cm/day for the Ohio Basin from the data of Table I of 
Occasional Report No. 26. The phase of the rainfall at Group A stations, 
¢ = 1.00, as given in Table 7-XII, is nearly identical with that found for 
the Ohio Basin. The phase of the 850-mb temperatures at Chicago, 6.90 days, 
is also close to that of the Ohio Basin, 0.20 day. 

The regions of heavy rainfall and high 7-day periodicity in rainfall are also 
the regions of high amplitude of temperature periodicity. The phase and ampli- 
tude relationship between periodic rainfall and the periodic temperatures 


Google 


Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 377 


which we have discovered in ouf’ study of the Ohio Basin are thus confirmed 
by examination of the data from Illinois and Indiana, where the rainfalls and 
temperature amplitudes were particularly high. 

These conclusions are by-products of the moisture balance analysis made 
by Hubert and Wells. It now appears higlily desirable to extend this work 
by considering the heat or enthalpy balance and also the entropy balances 
during Cycle 6 in the Ohio Basin. 

The data already collected by Hubert and Wells should be supplemented 
by getting the daily velocities and temperatures at several levels of the air 
masses flowing in and out across the boundaries of the Ohio Basin. Attempts 
should be made to evaluate the variations of solar energy and radiation as 
modified by cloudiness. The relation of these upper air phenomena to jet 
stream phenomena should be investigated. 

A rough analysis of the present data shows that about half the periodic 
fluctuations of temperature are below an altitude of 12,000 feet and the other 
half above that altitude. The center of gravity of the periodic heat evolution 
resulting from rainfall is presumably at a much lower altitude, probably between 
4000 and 8000 feet. Table I of Report 26 shows that 69 per cent of the moisture 
influx occurs below the 10,000-foot level. The stimulation of convection by 
this release of heat at low altitude, and the phase relationships that cause the 
heat to be evolved when the temperature is near its maximum, seem to be the 
conditions that produce wide-scale cyclogenesis. A great deal of analytical 
work on the dynamics of such systems needs to be done. 


Periodic Latitudinal Fluctuations of Selected 700-mb Isotherms along the 
90°W Meridian 


Early in January 1951, Lt. W. E. Hubert made a short supplemental report 
on the fluctuations in the latitudes of the 32°F isotherm where it crosses the 
90° W meridian. 

Table 9-VIII is based largely on the data prepared and partly analyzed 
by Lt. Hubert. 

Occasional Reports Nos. 26 and 27 have shown that a marked 7-day period- 
icity occurred in upper air temperatures during several months in 1950. 
Thus far, no such periodicities have been found in previous years. The present 
study was made to determine just when these periodic temperature changes 
first became pronounced. An analysis of the daily latitudinal changes of a 
selected isotherm on a constant pressure surface gives a convenient over-all 
picture of upper air temperature changes. The changes in latitude at 700 mb 
along the 90°W meridian give a fairly representative picture of the air mass 
movements in the central part of the United States. 

Sixteen cycles of 28 days each were used in the analysis. The nomenclature 
for these cycles is shown in Table 9-VIII. Cycles prior to regular periodic 
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seeding in New Mexico are represented by capital letters and those after seeding 
started by numerals. 

During summer months the 40°F isotherm was selected for study, and 
during winter months the 32°F isotherm was used. The latitude at which 
these isotherms crossed the 90°W meridian was obtained each day from the 
1500Z 700-mb chart in the U.S. Weather Bureau daily weather map. 

Correlation coefficients. CC(28) for the 7-day periodicities were calculated 
and their significance factors were determined. Table 9-VIII gives a summary 
of these data for a total of 16 months. 

A preliminary examination of the columns of the table shows that in the 
first nine 28-day cycles, or a total of 252 days, there was no evidence of a signif- 
icant 7-day periodicity; but beginning with Cycle 5, which started on 5 March 
1950, every one of the variates that depends on the 7-day periodicity showed 
a very great increase in significance. This lasted throughout the remaining 
seven of the 28-day cycles (196 days), but Cycles 6 and 9 were outstanding 
in significance. This sudden increase in significance, beginning with Cycle 5, 
is shown by the following: the data for CC(28), Column 5; the amplitudes 
of the periodic changes in degrees latitude in Column 6; the periodic deviance 
D, of 7-day periodicity in Column 11; the value of CC(28), in Column 15; 
and finally the values of SF in Column 16. In all of these columns except 
Column 5, the highest values are those for Cycles 6 and 9. 

Chapter 7 summarized the evidence for the periodicity in rainfall during 
Cycles 2 to 6 over much of the United States. Among these cycles, the period- 
icity was most marked in Cycle 6. 

In Table 7-XV, it was shown that there was a high periodicity in rainfall, 
with CC(28) = 0.637, in Kansas during Cycle 9, July 1950. Further evidence, 
which will be given in later chapters, indicates that the average periodicity 
in rainfall for the whole United States during 21 months of seeding gave the 
highest values in Cycles 6 and 9. 

In Hubert and Wells’ Occasional Report No. 27, and in the present chapter, 
Figs. 9-10 and 9-11 and Table 9-VI give an analysis of the periodicity in 850-mb 
temperatures during Cycle 9, July 1950. The reason for choosing this cycle 
is that a preliminary survey of the data had shown that Cycles 6 and 9 gave 
the most significant 7-day periodicities. 

The data of Table 9-VIII also emphasize that in upper air temperatures, 
as well as in rainfall, Cycles 6 and 9 showed remarkably high periodicities. 

According to the Seeding Hypothesis, we may expect the periodicity in upper 
air temperatures to begin a few weeks after the start of the seeding schedule 
in December 1949. The highly periodic rains in Cycles 6 and 9 had phases 
that agreed well with those of Cycles 2, 3, 4, and 5, indicating that all these 
periodic rains and upper air temperatures are interrelated through the Seeding 
Hypothesis. The strong periodicities in 700-mb temperatures in Table 9-VIII 
started in Cycle 5, although the periodicity in rainfall began in Cycle 2. 
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- Let us adopt tentatively the hypothesis that the periodicities in the latitude 
of the 700-mb isotherms along the 90°W meridian between 32° and 45°N 
latitudes started on 5 March 1950 with Cycle 5 and were particularly strong 
in Cycles 6 and 9. ; 

To estimate the statistical significance of these periodicities, we will divide 
the 16 cycles studied in Table 9-VIII into three groups: 

Group A. The first 9 cycles—F to 4. 
Group B. The 5 cycles—5, 7, 8, 10, and 11. 
Group C. The 2 outstanding cycles—6 and 9. 


Table 9-IX gives a variance analysis for the distribution of the values of 
the 7-day deviance D, between the three groups. The 16 values of D, after 
partition between the groups are shown in the central part of the table. The 
number N of terms in the group; the sum, R, of terms in each row; the average 
R/N; and the values of R*/N, are all listed in the columns at the right. The 
deviance D, due to the three groups (2 degrees of freedom) is thus found 
to be 93,370, which is 91.7 per cent of the total deviance D,, = 101,865. 
An analysis gives for the variance ratio F = 71.5, for which SF = 1.04 x 10’. 

The highest of the nine values in Group A is much less than the lowest 
of the five in Group B. The average values of D, and their standard deviations, 
S.D., for the three groups are: 























Group pened Average Dp| S.D. 
A 9 | 37 427 
B 5 | 172 +83 
Cc 2 H 289 +43 

SF = 10° 


Thus, the characteristic features of the distribution of the D, values in 
Column 11 of Table 9-VIII indicate an extremely high statistical significance. 
The hypothesis that the rainfall periodicity starts in Cycle 5 is based on the 
data in Table 9-VIII, whereas rainfall data previously studied in Chapter 7 
show that periodicity in rainfall started in Cycle 2. This fitting of the hypo- 
thesis to the data of Table 9-VIII has the effect of reducing the residual degrees 
of freedom, and so lowers SF by some moderate factor of say 3 or 4, but a value 
of SF as high as 10’ can stand a lot of reduction and still be high enough to 
exclude the null hypothesis that the observed distribution is due to random 
fluctuations of normal weather. 

Table 9-IX analyzes the distribution of the periodic deviance D, among 
the three groups. Table 9-X gives a summary of similar analyses, including 
the other variates in Columns 6 and 15 of Table 9-VIII. 
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Taste 9-IX 
Variance Analysis of the 7-Day Periodic Deviance, D,, of the Latitudinal 
Fluctuations of 700-mb Isotherms During Sixteen 28-Day Cycles 
(Data from Table 9-VIII) 
The cycles were divided into three groups: 
Group A. 9 cycles: F to 4. 


Group B. 5 cycles: 5, 7, 8, 10, and 11. 
Group C. 2 cycles: 6 and 9. 


Sum 

Group Values of Dp N R_ Avg. R*/N 
A 7, 28, 24, 82, 40, 75, 38, 6, and 24 9 334 37 12,395 
B 118, 126, 151, 124, and 108 5 627 125 78,625 
C 319 and 259 2 =578 289 167,042 

: 1539 96 _ 

SS = 266,557 Sum, S = 258,062 

S*/N = 164,692 2 (1539)*/16 = 164,692 

Dpr = 101,865 Dg = 93,370 

Variance Analysis 
| @ | vr. | F | SF 





Dpr| 101,865 15 6791 _- - 
Dg | 93,370 2 | 46,685 71.5 | 1.04x 10? 
Dr 8495 13 653 1.0 


SF = (14+71.5/6.5)*5 = 1.04 x 10" 


TABLE 9-X 


Latitudinal 700-mb Isotherm Fluctuations 
Significance of the Periodicities in Three Groups of Cycles 























1 2 3 4 5 6 7 8 9 
Distribution in Groups 
Column 
in Table Variate Averages er 
9-VIII Group A | Group B | Group C SF Seaso ects. 
N=9 5 2 Summer |Winter| SF 
6 Amplitude (deg.)}_ 1.53 2.98 4.53 | 1.9x 108 | 
11 Dp 37 172 289 10? 
15 CC(28)R 0.300 0.566 0.788| 1.5 x 10° 
SF for CC(28)z| 2.8 1 42,000 _ 
by Eq. (5-18) 
8 [Dr 197 203 258 |) 1d 281 | 111 | 10 
12 Dg 395 283 178 1.8 259 426 4 
13 Dc-Dp 21 36 23 6.3 27 24 | 15 


























Summer Cycles. F, E, D, 6, 7, 8, 9, 10, and 11. 
Winter Cycles: C, B, A, 2, 3, 4, and 5. 
(Winter cycles from 18 September 1949 to 1 April 1952.) 
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The amplitudes of the periodic components of the latitudinal fluctuations 
of the isotherms average twice as high in Group B as in Group A, and in Group 
C it is three times as high. The value of SF is 1.9x 105, only 1/50th as high 
as the value found for D, but still extremely significant. The average amplitude 
of +4.53 degrees in Group C means that in each week the isotherm moves 
northward an average of 620 miles from the minimum latitude on Thursday 
to the maximum between Sunday and Monday. 

The average values of CC(28),, from Column 15, calculated by Method 
C(2) of Table 7-III, show the progressively higher values of CC(28), in suc- 
cessive groups A, B, and C. The significance of this distribution has the extra- 
ordinarily high value SF = 1.5 x 10°. 

The values of SF in Column 6 of Table 9-X, having been obtained by the 
method illustrated in Table 9-IX refer only to the nonrandom nature of the 
distribution between the groups but do not involve any consideration of the 
absolute magnitudes of the variates. An entirely independent evaluation of 
the significance of the values of CC(28), can be had by calculating SF by 
Eq. (5-18), as given in the fourth line of the table. These are the mean values 
of SF for each of the cycles. 

For the combined effect of the several cycles in each group, methods like 
those used in Table 7-III should be employed. Thus, the total significance 
factor for Group B and C cycles would be extremely high; but for Group A 
the significance would probably remain negligible even for several cycles 
because, with these low periodicities, the phases are more nearly random. 

All the data from Table 9-VIII which serve as measures of the 7-day period- 
icities, such as those listed in Columns 5, 6, 11, 15, and 16, confirm the ex- 
tremely highly significant distribution among the three groups of cycles. 

The lower part of Table 9-X shows that other variates, such as Dp, D,, 
and D,-D,, which are not directly related to the periodicity, show no highly 
significant partition of values among the three groups. 

Thus, the average values of D, increase in steps from 197 to 258 in going 
from Group A to Group C, but the variance analysis, like that of Table 9-IX, 
gives SF = 1.1. The residual deviance D, indicates a tendency to decrease 
(from 395 to 178), but this decrease is not significant since SF = 1.8. The 
residual deviance D,-D, within the columns, which corresponds to the 
sum of the deviances due to the 7/2-day and the 7/3-day periodicities, is ex- 
tremely small, as shown in Column 13, and these deviances do not increase 
progressively from Group A to B and to C; but there is a maximum for Group 
B. However, the significance is very low, SF = 6.3. 

The deviances D, due to the rows, given in Columns 7, 8, and 9, have 
been analyzed for possible seasonal trends. The averages of D, for the winter 
cycles (18 September to 1 April) gave 111, while for the summer cycles the 
average was 281, . 150 per cent cat This difference is ac signifi- 
cant, with SF = 
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The residual deviance D, is about 60 per cent higher in winter than in 
summer, but the significance of this is low, SF = 4. 

If the very marked and sudden increases in 7-day periodicities of D,, 
CC(28),, etc., are looked upon as random fluctuations, it is certainly extra- 
ordinary that such a profound change in distribution does not involve other 
features of the deviances. The fact that there are no significant changes in 
D,, D,, and D,-D, that are related to the striking discontinuities in D, 
is strong evidence in support of the Seeding Hypothesis. 


Summary and Conclusions 


Lt. W.E. Hubert studied the rainfall data over the entire United States 
at about 150 stations. He divided the country into three parts, roughly 1,000,000 
square miles each—the West, Central, and East parts. In each of these sections 
during April 1950 the rainfall was found to have a definite 7-day periodicity 
and the phases progressed from west to east at a rather uniform speed of move- 
ment of about 20 miles per hour. 

Lt. Hubert and Chief Wells then made an analysis of the movement of 
the air into and out of a quadrilateral which was termed the Ohio Basin, covering 
560,000 square miles. From the pressure differences at various levels—5000 feet, 
10,000 feet, and 19,000 feet—the wind velocities across the boundaries of 
this quadrilateral were determined. From these and the upper air data on humid- 
ity, the moisture flux across the sides of the quadrilateral were determined. 
The flux of moisture in, the flux out, the rainfall, and the total moisture con- 
tent within the Ohio Basin all followed a very significant 7-day periodicity. 

The average temperature throughout the Ohio Basin also showed a weekly 
fluctuation in temperature, so that the temperature on Sundays was about 
8°C higher than on Thursdays. 

The periodicities in the 850-mb temperatures over the United States during 
Cycles 6 and 9 in April and July 1950 and in Cycle 13.5 in November 1950 
were studied at a large number of stations over the United States. The phases 
of the temperatures during the months of periodic seeding showed a very 
remarkable uniformity of movement from west to east. Along a north-south 
section at about 95°W longitude, the correlation coefficients measuring the 
degree of periodicity of the upper air temperatures were investigated all the 
way from the 850-mb level (5000 feet) up to 30,000 feet. The correlation 
coefficients stayed high even at 30,000 feet, although the amplitudes of the 
periodic components of temperature decreased gradually at higher altitudes. 

The tropopause also showed extremely significant periodic fluctuations. 
Over Chicago during Cycle 6, the height of the tropopause varied in a regular 
way from 29,000 feet on Wednesday to over 40,000 feet on Saturdays and 
Sundays. The significance factor of this periodicity was over 10°. There were 
nine stations distributed over the United States in Cycle 6 that showed a period- 
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icity CC(28) in excess of 0.50, and the average significance factor for the 
nine stations was 15,000. Data for a similar period in April 1949 when there 
was no periodic seeding gave an average significance factor of only 2.3. 

High significance was also found for periodicities observed in November 
1950, but there was no significance for the corresponding period in 1948. 

The heat released by the condensation of moisture associated with the 
periodic rains in the Ohio Basin was of such magnitude that it represented 
about 31 per cent of the heat necessary to change the upper air temperatures 
by the amounts that were observed. However, the phase of the observed tem- 
perature changes was approximately at right angles to the phase of the heat 
generation by the rainfall. Thus, the rise in temperature could not be caused 
directly by the heat generated by the rain. Instead of that, the rain liberating 
heat at the time that the air temperature was already at its maximum tended 
to increase the energy of the temperature waves that were progressing in an 
orderly way across the United States in April 1950. These phase relationships, 
together with the fact that the heat generated by rain is at a lower altitude 
than the average heat changes corresponding to fluctuations in upper air tem- 
peratures, are believed to be associated with cyclogenesis. 

In Tables 9-VIII, 9-IX, and 9-X, an investigation was made of the periodic 
fluctuations in the latitude of the 0° isotherm where it crosses the 90° west 
meridian. This periodicity was studied for a total of 16 months beginning on 
26 June 1949 and lasting to 20 August 1950. During the first nine 28-day 
cycles, there was no significant periodicity in the variations of these latitudes. 
However, beginning on 5 March 1950 and extending to the end of the period 
investigated, there was a very striking and significant periodic fluctuation 
of the latitude of the isotherm with a 7-day periodicity. This sudden starting 
of the periodicity and its continuation for seven months without interruption 
seem to have an extraordinarily high significance and to give very strong support 
for the Seeding Hypothesis. 

The fact that this periodicity began in March rather than in December 
was a puzzling fact. In the following chapter, this will be investigated in more 
detail by using Weather Bureau data on the distribution of periodicities in 
upper air temperatures over the whole northern hemisphere. It will be found 
that the periodicity in the upper air temperatures did begin in December 
1949, but it was located further north and further east than the particular 
places where the isotherms selected by Lt. Hubert crossed the 90° west meridian. 
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WEATHER BUREAU DATA ON SEVEN-DAY PERIODICITIES 
IN 700-mb TEMPERATURES OVER THE NORTHERN 
HEMISPHERE DURING TWENTY 28-DAY CYCLES 


IN THE latter part of Chapter 9, a study was made of the periodic fluctuations 
of the 32°F or 40°F 700-mb isotherm along the 90°W meridian. A summary 
of the data is given in Tables 9-VIII and 9-IX. The onset of the periodic 
effect appeared nearly three months after the periodic seeding started. This 
work was done by Lt. Hubert in January 1951. 

In Chapter 8 we described seven different projects that were undertaken 
by the Weather Bureau in a study of 7-day periodicities in weather following 
the beginning of the periodic seeding, comparing them with similar data from 
prior years. The project that was given as Number 6 involved the determina- 
tion of the periodicity at 245 stations distributed over the northern hemisphere 
for a total of 20 months. These data became available to us in June 1952. 


TaBie 10-1 


A Comparison of Hubert’s Data on Periodicities of Latitudinal Fluctuations 
from Table 9-VIII with Weather Bureau Data for the Northern Hemisphere 



































1 2 3°04 5 6 7 8 9 
Hubert . Weather Bureau (700-mb temp) 

For 90°W Longitude Interpolated} Maximum| Lat|Long. Number 
Cyete |CC28| 10% [Lat] oye” | igre] N| W [ar 'onse 
—1(C)} 0.359 | 129 | 41 140 233 50} 80 | 0 

O(B), 0.193 | 37 | 41 46 201 40) 120 0 

1(A)| 0.234 | 55 | 34 150 238 40| 90 0 

2 0.325 | 106 | 36 110 335 50| 80, 7 

3 0.178 | 32 | 37 100 256 50} 120 1 

4 0.352 | 124 | 33 150 371 40; 100 3 

5 0.627 | 393 | 33 270 559 40| 90 7 

6 0.685 | 469 | 36 480 611 40; 90 14 

7 0.463 | 214 | 36 200 368 60} 110 1 

8 0.428 | 183 | 43 130 357 40} 70 2 

9 0.580 | 336 | 44 300 394 40} 100 6 
10 0.484 | 234 | 44 160 260 40} 110 1 
11 0.365 | 133 | 44 160 239 40] 100 0 

25 Langmuir Memorial Volume XI [385] 
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It now becomes possible to compare these data on the periodicities of the 
upper air temperatures in the successive cycles with those obtained in 1951 
by Hubert and Wells as given in Table 9-VIII. 

Table 10-I gives a comparison of the periodic correlation coefficient CC(28) 
obtained by Hubert in Table 9-VIII with the values contained in the Weather 
Bureau tables sent by Mr. Glenn Brier. : 

Table 10-II for Cycle 1—13 November to 10 December 1949—illustrates 
the form in which the Weather Bureau data were expressed. The tabulated 
values are the squares of the correlation coefficients CC(28) multiplied by 
1000 to avoid decimal points. These correlation coefficients were obtained 
at the intersections of the latitude and longitude lines, the spacing being 10 
degrees both for latitude and for longitude. This would give a total of 252 
points, but in all the tables there were seven stations missing along the 20°N 
parallel from 270°W to 330°W, leaving a total of 245. 

In Table 10-I, the cycles are listed in the first column. For the first three 
cycles the alternative nomenclature of Hubert is also used—A, B, and C re- 
presenting preseeding cycles. The second and the fourth columns have been 
taken directly from the fifth and the fourth columns of Table 9-VIII. 

The fifth column gives the value of 10*7* obtained by linear interpolation 
between neighboring points of the Weather Bureau data along the 90°W me- 
ridian. Since a 10-degree interval is rather large—690 miles for latitude—there 
are usually considerable differences between the values at the neighboring 
points, so that interpolation is rather uncertain. The agreement between Columns 
3 and 5 is as good as one could expect under these conditions. 

The data of Column 5 show that the high values of r* began, along the 
90°W meridian, in Cycle 5, just as Hubert has found. However, Columns 
6, 7, 8, and 9 indicate that in Cycles 2, 3, and 4 the high periodicities that 
occurred in the United States were missed by Hubert because the high perio- 
dicities in these cycles were further north than the regions that he studied. 

Column 6 gives the highest value of r* in the United States or neighboring 
sections of Canada. In general, it was the highest value among the 35 points 
bounded by the 30°N and 50°N parallels of latitude and the 70°W and 120°W 
meridians. Columns 7 and 8 give the location of this point where the correlation 
was a maximum as far as could be determined from this wide spacing of samp- 
ling points. 

Column 9 gives perhaps a better representation of the degree of periodicity 
over the United States as a whole. It lists the number of stations out of the 
35 that report values of r* greater than 0.250. The value 0.250 was chosen 
because this is a correlation coefficient which has a significance factor 
of approximately 35, so that we should expect about one such value in 
the United States in months of no seeding. The values greater than one in 
Column 9 can, therefore, be taken as an indication of an effect presumably 
due to seeding. 
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Tasie 10-II 
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7-Day Periodicities (10°r*) of 700-mb Temperatures over Northern Hemisphere 
Cycle 1—13 November 1949 to 10 December 1949 
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N Lat. 20° | 30° | 40° | soe | 60° | 70° | 80° 
“Sta. Miles 
W Long: | serween 10° | 650 | 600 | s31 | 446 | 347 | 237 | 120 | SU™ 
Meridians 

o° 10 16 28 | 104 | 190 18 65 | 431 
10 41 22 63 | 186 | 122 6 | 119 | 559 
20 92 42 | -27 | 104 61 69 | 138 | 533 
30 23 11° | 128 1 40 | 145 | 118 | 466 
40 4 54 | 123 34 12 | 138 80 | 485 
50 49 99 31 78 25 96 60 | 438 
60 200 30 66 76 | 116 | 134 54 | 676 
70 15 38 | 120 | 138 | 129 | 111 64 | 615 
80 47 93 89 | 137 72 22 54 | 514 
90 58 53 | 238 | 200 38 32 48 | 667 
100 3 37 69 | 175 76 62 43 | 465 
110 84 | 172 96 12 2 | 179 33 | 578 
120 30 | 109 2 42 61 | 210 6 | 460 
130 85 62 12 5 81 | 164 25 | 434 
140 39 5 | 188 9 18 | 128 96 | 483 
150 8 24 | 234 51 74 | 112 | 116 | 619 
160 93 30 32 14 62 92 | 133 | 456 
170 14 64 13 11 16 23 | 140 | 281 
180 80 | 161 0 4 11 11 | 169 | 436 
190 12 11 14 9 60 12 | 185 | 303 
200 0 44 49 | 106 | 116 28 | 223 | 566 
210 163 147 97 230 113 121 166 | 1037 
220 209 | 115 | 224 | 180 | 202 | 274 | 136 | 1340 
230 193 12 18 18 | 128 | 257 84 | 710 
240 43 9 39 2 61 57 34 | 245 
250 25 | 105 39 40 16 1 24 | 250 
260 25 | 206 27 29 44 11 18 | 360 
270 73 30 2 20 18 27 | 170 
280 2 67 40 24 21 42 | 196 
290 2 | 227 | 106 23 42 63 | 463 
300 18 “1 | 224 28 “4 60 | 415 
310 43 4 | 223 7 34 48 | 359 
320 75 41 | 112, | 117 39 17 | 371 
330 47 21 68 | 234 89 o | 459 
340 96 6 41 42 n 106 19 | 381 
350 61 16 48 | 128 34 90 65 | 442 
Sum 1842 | 2053 | 2556 | 2904 | 2504 | 2996 | 2772 |17,663 
Avg. 64 57 1 81 70 83 77 72 

N 29 36 36 36 36 63 36 

Ng 4 7 8 15 10 13 11 

o 2 3 2 11 6 8 9 

TA 045] 0.29] 0.04] 054] 0.45] 0.40] 0.74 
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During the first three cycles, Cycles —1, 0, and 1, there was no periodic 
seeding, and there were no values of r* as great as 0.25 anywhere in the United 
States; but in Cycle 2 there were 7 such values and in every month thereafter 
there was at least one up to Cycle 10. These Weather Bureau data for the 
northern hemisphere thus prove conclusively that a highly significant perio- 
dicity in 700-mb temperatures began in the United States in Cycle 2, which 
was the first cycle in which the effects of periodic seeding were to be expected. 
For Cycles 2 to 10, the number of stations that had values of r* greater than 
0.250 averaged 4.7. 


Study of the Distribution of the r? Values From Data during Nonseeding 
Cycles 


The Weather Bureau data for the month before the periodic seeding started 
are given in full in Table 10-II. The data show that the high values are dis- 
tributed at random over the northern hemisphere. For example, there are 
17 values of 200 or more, and most of these are rather evenly distributed over 
the table. 

However, there is a noteworthy concentration of high values of r, at longi- 
tudes 210°, 220°, and 230°. The sums given for these longitudes in the last 
column of Table 10-II are much larger than any of the other values, and 5 
out of the 17 values of 10*r* that exceed 200 are in these three rows. 

A variance analysis of the rows and columns of Table 10-II has been made 
to determine the significance of this grouping of high values at longitudes 
210° and 220°. If these two rows are omitted, it is found that the variances 
due to the columns and the other rows are very nearly equal, but the variance 
corresponding to the two groups—longitudes 210° and 220° versus the other 
34 rows—gives a variance 32 times as great as that for the columns. This cor- 
responds to a significance factor of the order of 10*. 

It is interesting that the values of r* do not vary significantly with latitude 
from 20°N to 80°N and are not noticeably different over the oceans and con- 
tinents, although the average temperatures and the total variances (nonperiodic) 
depend greatly on latitude and the presence of oceans or continents. 

The remarkable concentration of high values near 210°W, about the longi- 
tude of Kamchatka in eastern Siberia, is typical of similar concentrations of 
high and of low values in regions in which weather stations are sparsely dis- 
tributed. We shall study this effect in a later section of this chapter. 

In Chapter 5 we discussed the Fisher variance theory as applied to the 
calculation of significance factors for periodic correlation coefficients and 
we derived Eq. (5-18). Instead of using Eq. (5-18), let us introduce the prob- 
ability which is the reciprocal of the significance factor. We then have 


P= (1-1)". (10-1) 
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Solving this equation for r*, we find 
r= 1—Py*, (10-2) 


The mean value of r?, which we may denote by M, can then be obtained 
by integration: 


1 
M = f rdP = 1/(1-+m). (10-3) 
o 
Thus we find that 
m = (1—M)/M. (10-4) 
According to the Fisher theory, the value of m is given by Eq. (5-15): 
m = d,/d,. (10-5) 
Where we are dealing with 28-day cycles, we put r = CC(28). Then we have 
m = (n—3)/2. (10-6) 


The theory in this form should be applicable strictly only to variates which 
have a random distribution; that is, where there is no serial correlation. We have 
already discussed the probability that the effect of a moderate amount of serial 
correlation is to alter the effective number of degrees of freedom; that is, it 
may change the value of m, so that we can put ; 

m = B(n—3)/2. (10-7) 

We may make the hypothesis that £ is a constant which characterizes the 
distribution of any periodic weather element. A test can be made by finding 
whether the logarithm of the probability P is a linear function of log (1—r’), 
in accord with Eq. (10-1). The data of Table 10-II enable us to test the hypo- 
thesis and find the value of 8 and whether it acts as a constant. 

The average of all the values of r* in any array gives M, and then by Eq. 
(10-4) we can determine the value of m. For example, from the sums of the 
columns and rows in Table 10-II, we find M = 0.072. Therefore, m which 
is (1—M)/M = 12.9, 


Spatial Correlations, 7,, between r* Values at Adjacent Stations 


Before proceeding to test this theory and calculate the distribution of the 
r values, let us consider the spatial correlation between neighboring stations. 
It is evident that there must be a tendency for the periodicities at neighboring 
points to be closer to one another than corresponding periodicities at distant 
points. 

In Chapter 6, in the derivation of Eq. (6-1), we determined the correlation 
coefficient r, between time sequences of rainfall data. We can apply the same 
theory to sequences of spatially separated correlation coefficients such as 
those in Table 10-II. Instead of using the symbol N, where the subscritp 
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refers to rainfall, let us use corresponding symbols N, and r, for the correla- 
tion between the values of r? at neighboring stations We thus have the equation 


r, = (0—N¥N)|(N,—N3IN). (10-8) 


The meanings of the symbols in Eq. (10-8) can be understood by reading 
the latter part of the section of Chapter 6 entitled, ‘“The Day-by-Day Per- 
sistence of Rainfall.” Reference should also be made not only to Eq. (6-1) 
but to Eqs. (6-2) and (6-3). 

Let us apply these concepts to the data of Table 10-II for the parallel of 
latitude of 60°N. There are 36 entries in this column, corresponding to the 36 
meridians spaced 10 degrees apart. The total number of observations is, 
therefore, N = 36. Let us assume a class limit of r* = 0.100. We therefore 
look down the column in Table 10-II and count the total number of entries 
that are greater than 100. We find that there are 10 such entries. Therefore, 
we have N, = 10. 

Now, to get o, we look over the same entries and choose the numbers in 
sequence—that is, a single entry does not count, but for two entries in suc- 
cession we count one in sequence, and, therefore, for each group of contig- 
uous values above 100, we count one less than the number in the group. 
Thus, for the 60°N column in Table 10-II, o = 6. The difference between 
10 and 6 is the number of groups. There are four such groups. 

By Eq. (6-2) we may calculate the value of o, which is the number in se- 
quence that would occur if the values were distributed at random; that is, 
if there were no significant spatial correlations between adjacent values of r°. 
In this way we find o, = 2.78. The ratio between the actual value of o = 6 
and 6, = 2.78 is the persistence index Q = 2.18. 

The entries greater than 100 are thus not randomly distributed but tend 
to be clustered into groups. From these data, we also calculate by Eq. (6-1) 
or by Eq. (10-8) that r, = 0.45. 

At the foot of each of the seven columns in Table 10-II are listed the values 
of N,, o, and r, for each of the parallels of latitude. 

Table 10-II gives the complete Weather Bureau data for the values of r* 
during Cycle 1. Data are also available for the phases @ at each of these points, 
but we will not attempt to analyze these in this report. We do wish, however, 
to study the natural spatial distribution of r? values when the weather is not 
modified by seeding. There are data for two other preseeding cycles, Cycles 
—1 and 0. Instead of giving these data in full, which would require a table 
like Table 10-II for each cycle, we have summarized the data in Tables 10-III 
and 10-IV. 

The three preseeding cycles were in the late autumn and winter. It was 
desired to determine if possible whether the mean values of r* showed any 
seasonal variation. It had been found previously that there was no appreciable 
periodicity in rainfall during Cycle 8 (during June 1950), and Hubert’s early 
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work had shown that the periodicity in 700-mb temperatures was very low 
during this cycle. Since the Weather Bureau data for the northern hemisphere 
during Cycle 8 also showed no noteworthy groupings of high values of r°, 
it was decided to include data for Cycle 8 in Tables 10-III and 10-IV, 
especially as this would provide some data for a summer month. 

Table IV gives a summary of data on N,, o, and r, for Cycles —1, 0, 
and 1. 


Taste 10-III 


Summary of 700-mb Values of 10°17? Averaged for All Longitudes 
Four 28-day Cycles with No Effective Seeding 



















































































Starting N Latitude: 
Cycl Avg. 
yele Date 20° | 30° l 40° | 50° | 60° 70° l gor | A¥8 m B 
-1 18 Sept. 49 | 50 55 80 72 78 65 83 69 13.5 | 1.08 
0 16 Oct. 49 65 55 78 75 112 | 110 | 110 86 10.6 | 0.85 
1 13 Nov. 49 64 57 71 81 70 83 77 71 13.1 | 1.05 
8 28 May 50 84 65 96 95 70 56 70 77 12.0 | 0.96 
Average 66 58 81 81 82 78 85 76 
m 15.3 | 16.2 | 11.4] 11.4] 11.2) 11.8] 10.8 12.2 
B 1.22 | 1.30 | 0.91 | 0.91 | 0.90 | 0.94 | 0.86 0.98 
Taste 10-IV 
Spatial Correlation r, along Parallels of Latitude for r* = 0.100 as Class Limit 
Each Block 
N, | o 
Ys 
N Latitude: 
Cycle| 20° 30° | 40° 50° 60° 70° 80° Sum 
= ! = 
6 3 5 1 11 6 10 7 12. 8 9 5 12. 9 65 39 
-1 0.37 0.07 0.34 0.58 0.50 0.41 0.62 0.46 
4 $1 6 2 8 4 10 6 17. 12]}15 12/19 17 79 = 54 
0 0.15 0.33 0.35 0.45 0.44 0.66 0.78 0.53 
4 2 7 3 8 2 15 11/10 6 13. 8 : 11 9 68 41 
1 0.45 0.29 0.04 0.55 0.45 0.40 0.74 0.45 
10 5 9 2 13 6 14 10 9 6 7 4 11 9 73° «42 
8 0.23 | —0.03 0.16 0.53 0.55 0.47 0.74 0.39 
Sum 24 #+11/27 8 40 18/49 34/48 32/44 29 | 53 44 | 285 176 
0.32 0.14 0.24 0.54 0.50 0.52 0.73 0.46 
N 
(each 29 36 36 36 36 36 36 245 
cycle) 
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It should be noted in Table 10-IV that all the values of r, are positive with 
the single exception of the value —0.03 for Cycle 8 at 30°N latitude. If the 
data were randomly distributed, we should expect about as many negative 
values as positive values. The average for all latitudes for the four cycles is 
r, = 0.46. 

The values for the four cycles do not seem to differ significantly from one 
another, but the values of r, increase with latitude. This is probably due to 
the gradual approach of the meridians at northern latitudes. At the top of Table 
10-II the distances between the 10° meridians along the different parallels 
of latitude are given. At 80°N latitude they are only 120 miles apart, whereas 
at 20°N latitude they are 650 miles apart. The closer the stations the greater 
the spatial correlation will be between weather elements observed at these 
stations. 

The existence of significant spatial correlation between adjacent stations 
is proved by the data of Table 10-IV. In these calculations, we have used 
the class limit of 100. However, we find, just as we did in the case of the rainfall 
data in Chapter 6, that the values of the autocorrelation r,—or in this case 
r,—are not very much dependent on the particular class limit that was chosen. 
Of course, it is desirable not to choose the limit so high that the number of 
units in either o or N, is so small that a change of one unit makes a relatively 
large difference. The class limit of 100 that we have chosen thus seems a useful 
convention in making comparisons of the data given by the Weather Bureau 
for the northern hemisphere. 

If there were no spatial correlations between adjacent stations, that is, 
if r, = 0, we could calculate the significance factor for single stations that 
give a high correlation and obtain the significance for any combination of 
them by multiplying the significance factors or adding their logarithms. How- 
ever, if there is a significant spatial correlation, the significance factors for 
a combination of several adjacent stations will be less than the product of 
the separate significance factors, and we can use an empirical factor y as 
a measure of this reduction in the product that will be necessary to give the 
correct combined significance factor. 


The Space Factor y 


Thus, if we let m be the value for the exponent that occurs in Eq. (5-18) 
or Eq. (10-1), then for a combination of S, adjacent stations, we could put 


SF = (1—1%)-5™, (10-9) 


where r is the effective mean value of the correlations obtained for the separate 
stations as determined, for example, by the method that is described in Chapter 7, 
particularly in Table 7-III, and y is the factor that depends upon the spatial 
correlation r, in such a way that y becomes equal to unity when y, is 0, and 
y approaches 0 when r, approaches unity. 
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We may estimate the value of y by the following reasoning. If we have 
a large array of N observations of which N, exceed a certain specified limit, 
then the number of groups of contiguous values that exceed this limit is N,—c, 
or the average number in each group is N,/(N,—c). Let G be the reciprocal 
of this quantity; that is, it is the number of groups divided by N,, the number 
of observations that exceed the specified limit. Then we have 


G= (N,-9)/N, = (1-1, (N—N,)IN. (10-10) 


This last part of the equation is obtained by solving Eq. (10-8) for o and sub- 
stituting this into the second member of the equation. 

If the conditions are such that practically all the groups consist of single 
values, then in general one may think of them as being independent of one 
another, but when they are combined into groups, the presumption is that 
they are not independent. On this crude basis, it was at first thought that 
the quantity G is perhaps a suitable measure of the factor y that we need for 
Eq. (10-9). We see, however, from Eq. (10-10) that even if there is no spatial 
correlation—that is, if r, is 0—then G reaches a limiting form of (N—N,)/N, 
and this can become very small when N; is large. For instance, if we place 
the class limit very low, N, becomes nearly equal to N, and G becomes small 
even if 7, =0. ~ 

Without rigorous proof, we may, therefore, assume as a useful approxima- 
tion that to get y we should leave out the factor in Eq. (10-10) that contains 
N and N,. Thus, we put 


y =1-+,. (10-11) 


This procedure for obtaining the combined significance of spatially separ- 
ated stations that show high periodic correlation is oversimplified in that 
it takes into account only the correlation between adjacent stations. Actually, 
there mvst be a higher order of spatial correlations between stations separ- 
ated by 2, 3, or more units of distance. Such a theory probably could be de- © 
veloped and would be extremely useful. For the present, however, we may 
remain content with this approximate treatment which clearly recognizes 
the important role played by the spatial correlation between adjacent stations. 
A further useful generalization of the problem would be to use not merely 
a two-class method in dealing with the spatial correlation between adjacent 
stations but to use quantitative correlations between numerical values of r* 
in adjacent positions. Again, this is a refinement of the problem that need 
not be considered at present. 

From the data of Table 10-IV for latitudes from 30°N to 60°N, we may 
conclude that the mean value of r, is about 0.4 and, therefore, that y is about 
0.6. Tests have shown that the spatial correlation r, between stations 10 deg- 
rees apart in latitude is considerably less than for separations of 10 degrees 
in longitude, especially at high latitudes. 
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The effects of the spatial correlation are by no means negligible, according 
to the data from Table 10-II; but, on the other hand, the values of y are high 
enough for a very great enhancement of the significance factors when several 
adjacent stations are combined. For example, if we find significance factors 
for four stations each of the order of 100, the product of the significance factors 
for four such adjacent stations would be 10°, but this exponent should be 
multiplied by 0.6, so that the combined significance factor would be 10**. 

Thus, we must attribute great significance to the fact, which we encountered 
in our studies of periodicities in rainfall, that not just one station but that 
stations distributed over a million square miles or more show highly signif- 
icant periodicities. The combined effect of all of these stations is enormously 
greater than that of any one station, in spite of the considerable spatial correla- 
tion between adjacent stations. 


Tests of the Applicability of the Fisher Equation, P = (1—1*)", to Calculate 
the Distribution of r? Values 


The Weather Bureau data for Cycles —1, 0, 1, and 8, which are summa- 
rized in Table 10-III, contain a total of 980 values of r?. During these four 
cycles we expect no effects from periodic seeding and can, therefore, use these 
data to test the applicability of Eq. (10-1) given by the Fisher theory of variance 
ratios. 

The need for a test arises from the fact that this equation was derived on 
the assumption that there is no natural serial correlation between the values 
of the variate (700-mb temperatures) on successive days of the 28-day cycles. 
Since natural weather elements do not fulfill this condition exactly, a test 
is necessary to determine whether the observed data conform to the equation. 

In our derivation of Eq. (10-7), we have made the hypothesis that under 
certain conditions Eq. (10-1) can be made to agree with observations of 
if we alter the theoretical value of m = 12.5 given by Eq. (10-6) by multi- 
plying it by an adjustable factor . 

We wish then to determine whether we can find a constant value of m 
which will permit us to use Eq. (10-1) in an analysis of the distribution of 
the experimental values of r?. A summary of this analysis is given in Table 
10-V, which is based on the 432 values of r? for the latitudes 40°N, 50°N, 
and 60°N. 

We have restricted the data to these middle latitudes because Table 10-III 
has shown that there is an appreciable latitudinal effect by which the average 
value of 10°? is 62 for latitudes 20° and 30°, but it is 82 for latitudes 40°, 50°, 
and 60°. By this selection of the data used for Table 10-V, we obtain a more 
nearly: homogeneous population. 

It will be shown later (in Table 10-VII) that the high values of r* during 
Seeding Cycles 2 and 6 were most prominent in these middle latitudes. 
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We can illustrate the meaning of the data in Table 10-V by considering 
the example given in Table 10-II, which is for Cycle 1. 

Taking the column for 40°N latitude in Table 10-II, we find by counting 
that 28 out of the 36 values consist of not more than two figures; that is, the 
10*r? values are less than 100. For the 50° column, there are 21 such values, 
and for the 60° latitude there are 26, so that for all three columns, out of a total 
of 108 values, there are 75 that lie between 0 and 100. 


Taste 10-V 


Distribution Functions of the r* Values for 700-mb Temperature Periodicities 
for All Longitudes along the 40°N, 50°N, and 60°N Parallels of Latitude during 
‘Nonseeding Cycles 
P= (1—r°)", where m= (1—M)/M 
A Comparison of Calculated and Observed Values of 108 P within 
Specified Class Limits 



































1 2 3 4 5 6 7 8 9 10 if 
Class . 

Limits| Cycles: —1 | 0 1 8 All Four 
0 | Calc  |Obs| Calc | Obs! Cale | Obs! Calc | Obs| Cale | Obs 
0.1 71 75| 72 | 73|79.1 | 75| 72 | 72| 75 | 74 
0.2} 23.6 | 26 |25.4| 25 | 22.3 | 23 |25.2| 26| 24 | 25 
0.3 6.0 7/80! 9/54/10) 83] 8| 68 |8.5 

2.0| 1.6 |0.75 




















0.4 13 | 0} 24 1/11] 0| 20 
0.5 0.2 opes 0} 01] 0] 05] 0} 03] 0 





No of 7° 

values in 

each cycle 108 108 108 108 (108) 
M 0.077 0.088 0.074 0.087 0.0816 
m 12.0 10.4 12.5 10.5 11.25 
B 0.96 0.83 1.00 0.84 0.90 


In these same three columns of Table 10-II there are 23 entries in the class 
that ranges from 100 to 199 and 10 in the 201 to 299 class. These three 
numbers —75, 23, and 10—in Column 7 of Table 10-V give the required 
distribution of the r* values between the three classes defined by the limits 
shown in Column 1. 

We may now use Eq. (10-1) to calculate the fraction of the 108 cases that 
should lie within each of these classes. 

The sum of the 36 values of 108r* in each of the columns of Table 10-II 
is given at the foot of the column. By adding the sums for the columns for 
40°, 50°, and 60° in this table, we find that the total for all the 108 values is 
7964, which gives an average of 73.7. This corresponds to M = 0.074 which 
has been entered for Cycle 1 at the foot of Columns 6 and 7 in Table 10-V. 
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From this value of M we calculate m by Eq. (10-4), obtaining m = 12.5. 
Using this, we can now calculate P by Eq. (10-1) for any assigned value of 
r*, An illustration of these calculations is given in Table 10-VI. The third 
line gives the values of P for successive class limits increasing in steps of 0.1. 

The probability P is the fraction of all the values of r* that exceed a specified 
value. For example, we find for r* = 0.1 that P = 0.2679, which is the fraction 
of all the r* values that are greater than 0.1. 


; Taste 10-VI 
Calculation of Distribution for Cycle 1 
(m = 12.5) by Eq. (10-1), P= (1—r*)" 
Class Limits (r*) 0 0.1 0.2 0.3 0.4 0.5 

















1-7 10 0.9 0.8 0.7 0.6 0.5 

P= (1—r)*5 1.0 0.2679 0.0614 0.0116 0.0017 0.0002 
; 4P 0.7321 | 0.2065 | 0.0498 | 0.0099 | 0.0015 ie 
The number of r* 
values within 





each class, 1084P| 79.1 22.3 5.4 1.1 0.1 








The increments AP between the successive values of P in the fourth line 
of Table 10-VI enable us to calculate the number of r* values that lie within 
the specified classes. Thus, in the class of r? values from 0 to 0.1, we find that 
AP is 0.7321, which is the probability that a value of r* lies within this class. 
Since there are 108 observations for each cycle, the calculated number of 7° 
values in each class should, therefore, be 108xAP as given in the last line 
of Table 10-VI. These values have been entered in Column 6 of Table 10-V. 
Similar calculations were made for Cycles —1, 0, and 8. 

Each of the entries in Column 11 of Table 10-V is the average of the cor- 
responding values in Columns 3, 5, 7, and 9. The calculated value in Column 
10 is obtained by the method shown in Table 10-VI, using m = 11.25 which 
corresponds by Eq. (10-7) to 6 = 0.90. 

The agreement between the observed and calculated distributions of the 
7 values shown by Table 10-V seems extraordinarily good. There do not 
seem to be any significantly large systematic deviations of the observed values 
from the calculated values. There are slightly fewer very high values of r* 
than are given by the theory, but this difference is only about one unit out 
of 108 and is probably not significant. 

The agreement seems all the more remarkable when we consider that there 
are no arbitrarily adjustable parameters involved in the calculations. The 
value of 6 has not been assumed; it has been calculated from the observed 
values of M. The calculation of m from M by Eq. (10-4) is based upon the 
integration involved in Eq. (10-3). This integration is only correct if m is 2 
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constant—that is, if it is independent of the values of r*. The closeness of the 
agreement is thus an indication that we are justified in considering m and, 
therefore, B to be independent of r*. 

It also remarkable that the value of m comes so close to the theoretical 
value of 12.5. Considering the four values of f for the four cycles at the foot 
of Table 10-V, we find that the average value is 0.90 and the standard de- 
viation is 0.085. 

The data used in the preparation of Table 10-V represent 432 out of the 
980 values of r? for these four cycles given by the Weather Bureau. An examina- 
tion of the other 548 values of r* for the latitudes 20°, 30°, 70°, and 80° shows 
that the distributions are essentially similar to those that we have just been 
considering. For the 548 points we should find 548 x 4P for the class of values 
from 200 to 299. We thus calculate that there should be 28 values in this class, 
whereas an actual counting of them in the Weather Bureau data shows 23. 
For the class from 300 to 399, calculation gives 6 values and the observed 
is 3. Thus, these other data which were not used in calculating Table 10-V 
give observed values which are only slightly lower than those calculated by 
the data of Table 10-VI. 


The Distribution of High Values of r* during Seeding Cycles 2 and 6 


In the three preseeding cycles, Cycles —1, 0, and 1, there were no values 
of 10°r* as high as 250 over the area of the United States as indicated by Table 
10-1; and Table 10-V shows that over the whole world high values of r* were 
not more numerous than we should expect from Eq. (10-1). 

In Cycles 2 and 6 the distribution of high values of r? is shown in Table 
10-VII. Heavy black boundary lines have been drawn to show the demarca- 
tion of areas that have contiguous values of 10** that exceed 200. A large 
part of each of these areas lies within the United States. 

The heavy line for the data of Cycle 2 includes 17 values that are above 
200, and the average of these is 247. The 21 values just outside the boundary, 
but adjacent to it in either latitude or longitude, have an average of only 109. 
The boundary is, therefore, extremely sharp. 

To save space, the complete data for the whole northern hemisphere for 
Cycles 2 and 6 are not given in Table 10-VII, but the sum and the average 
for the 36 values in each of the four columns is given at the foot of each column. 
Outside each boundary the distribution of values is very much like that found 
in Cycles —1, 0, 1, and 8, as summarized in Tables 10-III, 10-IV, and 10-V. 

It is obvious that in both cycles the values of 10*r* do not represent a homo- 
geneous population but consist of two distinct parts—the part within the heavy 
line and all the remainder that lies outside. 

In Cycle 2 the sum of all 17 high values that lie within the boundary is 
4192. If we subtract this from the total of 13,949 for all the 144 stations, we 
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Tasie 10-VII 
Contiguous High Values of 10*r* near the United States during Cycles 2 and 6 
Phases in Days 
Cycle 2 
North Latitude: 30° 40° 50° 60° 
W. Long. 10° ¢ 10° gg 107 ry 10°73 + 
30° 132 10 | 99 0.4 94 6.4 69 SA 
40 226 01 | 78 6.0 83 48 76 47 
50 (92) 256 4.6 | 207 3.5] | 144 4.0 
60 222 3.8 | 207 2.9| | 110 2.9 
70 267 4.4 | 170 32 | 231 2.0 | 203 2.0} 
80 124 3.8 79 2.0 11335 1.3 | 249 1.2 
90 113° 2.0 | 135 1.41 | |311 0.6; ; 111 0.5 
100 191 1.7 92 6.8 | |200 6.6 53 0.6 
110 62 0.1 63 6.2 | | 223 5.0 16 2.8 
120 19 44 | 100 4.7 | |278 3.8 84 2.6 
130 19 4.3 | 109 3.0 | | 293 2.6| | 157 24 
140 58 4.6 | 144 2.8 | | 280 1.7| | 112 1.7 
__150 | 50 66 40 1.9 | 189 11 86 0.2 
0°—350° 3348 3224 3727 3650 Sum=13,%49 
Avg. 93 89 104 101 7 
Values enclosed within solid line represent an area of 5,000,000 square miles. - 
North Latitude: 30° 50° 60° 
W. Long. 10° 10g 10°78 ‘ 
o 58 34 | 56 26: | | 271 6.2: | 67 5.7 
10 4 09 |: ‘73° 6.6 | «112 5.0 
20 1 5.8 | 135° °° 1.97) 117 1.2 14 5.0 
30 67 3.8 72 2.2 | 166 1.5 48 0.8 
40 109 2.4 | 167 1.5 | 146 0.9 18 0.6 
50 167 68 | 281. 62 | 218 68] 2 5.8 
60 2024.9 | 342 4.2 | (24) 5.0 15 4.6 
70 357 3.3 | 440 3.3 | 355 3.5 4 41 
80 428 2.6 | 473 1.8 | 320 2.3 14 43 
90 296 1.6 | 611 0.7 | 231 0.9 21 5.7 
100 81 11 | 583 6.7 | 459 64 60 5.5 
110 80 3.2 | 169 3. | 258 : ; 111 5.0 
120 67 2.0 | 179 28| Ll 305 3.9 | 319 4.51 
130 48 21 | 140 2.3 | 100 +3 “{ 100. 3.5 | 188 43 
0°—350° 3955 5372 5355 4179 Sum= 18,861 
Avg. 110 149 149 116 131 














Values enclosed within solid line represent an area of 6,000,000 square miles. 
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obtain 9756 as the sum for the 127 stations outside the boundary. The average 
of these is 77, so that M = 0.077; whereas within the boundary the average 
value is 247, or 3.2 times as high as for the average outside of the boundary. 

The value M = 0.077 checks well with the mean value M = 0.074 for 
the three preseeding cycles, Cycles —1, 0, and 1, for latitudes 30°, 40°, 50°, 
and 60°, as given in Table 10-III. The distribution of the calculated and ob- 
served numbers of values of r? within specified classes are: 


For m = 12.50: 

r 0 0.1 0.2 0.3 0.4 0.5 Sum 
Calculated . 93.0 26.2 6.3 1.3 0.2 — 127 
Observed 91 31 4 1 0 127 


The agreement is good, indicating again that m is not a function of r. We 
also conclude that outside of the boundary shown in Table 10-VII the distribu- 
tion of r? values in Cycle 2 is the same as in Cycles —1, 0, and 1. 

There are two methods by which we can estimate the significance of the 
remarkable clusters of high values of r? shown in the table for Cycles 2 and'6. 
The first method uses the magnitudes of the r* values to determine combined 
significance factors by Eq. (10-9). The second method depends on the signifi- 
cance of the clustering into a compact group. 


The Significance of the Magnitudes of r* Values 


Let us take the natural logarithm of both sides of Eq. (5-18), so that we 
obtain, for the significance factor of a single observation, 


In SF = m In (1—r°)". (10-12) 
We may define a new quantity 4 by 
a= —In(1—r) = 4 rt/24/3419/44. (10-13) 
The common logarithm of SF is then 
log SF = 0.434 ma. (10-14) 


The combined significance for a cluster of S observations is obtained by 
comparing Eq. (10-14) with the natural logarithm of Eq. (10-9): 


log SF = 0.434 Syma,, (10-15) 


where A, is the mean value of the separate values of 4 for the S stations. 

For the cluster of high values of r* for Cycle 2 in Table 10-VII we have 
S=17, M=0.247, Ay = 0.284, and m= 12.0. Thus, by Eq. (10-15), 
log SF = 25.1 y. The studies that we made of the three preseeding cycles 
gave y = 0.6 for values distributed along parallels of latitude. For two-dimen- 
sional clusters such as those shown in Table 10-VII, y may be somewhat smaller. 
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Conservatively, we can take its probable lower limit to be y = 0.4. The final 
significance for the cluster of high values in Cycle 2 is thus SF = 10%. 

A similar analysis for the Cycle 6 cluster gives S = 18, M = 0.360, and 
Ay = 0.461. If, as before, we take out the sums of the values of 10** within 
the cluster from the totals of the columns, we find for the remaining 126 sta- 
tions M = 0.098. 

However, there are 8 values of 10*72 in the lower half of Table 10-VII that 
apply to Cycle 6 and that are probably made abnormal by the effect of seeding. 
The stations come within longitudes from 40°W to 350°W, and the values 
of 10°73 range in magnitude from 135 to 365, this latter value occurring at 
350°W, 60°N. Confirmation of the effects of seeding in this region will be 
found in the next section of this chapter, where we consider the Weather 
Bureau data on the periodicities of 700-mb heights in Cycle 6. 

If we include these 8 values, presumably modified by seeding, within the 
cluster we find S = 26, M = 0.311, and A, = 0.390; while outside the cluster 
M = 0.091 and m = 10.0. This gives log SF = 44y, and with y = 0.4, we 
have SF = 4x 10". 

These values are so high that no possible uncertainty in the value of y that 
is characteristic of natural weather could prevent these remarkable clusters 
observed in Cycles 2 and 6 from having extremely high significance. Thus, 
they cannot be discarded as being merely chance fluctuations of normal weather. 


Significance of the Clustering 


The fact that 17 high values of 10*r? form a single cluster in Cycle 2 according 
to Table 10-VII is a significant fact quite regardless of the actual magnitude 
of the values of r* within the cluster. Let us analyze the distribution of 35 
values of 10% along the 60°N parallel of latitude. We can then divide the 
36 values into two groups—the 10 values that lie within the specified boundary 
and 26 values outside of it. 

The analysis of the significance of these clusters of high values is shown 
in Table 10-VIII for Cycles 2 and 6. The variance analysis, taking r* as the 
variate, shows that of the total deviance 0.4046, 0.3240 is associated with the 
two groups. Ordinarily, two groups would only have one degree of freedom. 
However, since we have chosen the limits of the group by using the data them- 
selves, we will consider that the deviance due to the groups is 2 instead of 1. 
The Fisher variance ratio comes out to be F = 66.2, and the significance 
factor calculated in the ordinary way is 3.5 x10". Because of the spatial cor- 
relation, we may multiply the exponent by y= 0.6, which gives us for an 
adjusted significance factor 8.5x10*. This cluster of ten contiguous high 
values is thus an extraordinarily improbable phenomenon. 

The second part of Table 10-VIII gives a similar analysis for Cycle 6, 
using the data for the 40th parallel. Here there are six very high values that 
form a cluster which distinguishes itself from all the other values along that 
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parallel. The average of the 6 is 455, and the average of the remaining 30 values 
is 88. The Fisher ratio is F = 61.93, giving. a significance factor of 104%, 
and if we take y = 0.6, it gives us an adjusted significance factor of 5 x 10°. 

These high significance factors represent only a part of the total signifi- 
‘cance, for there are clusters of values on other parallels. For example, there 
are seven high values in Cycle 6 along the 50° parallel. 

It is obviously not necessary to calculate all of these values of SF in order 
to prove that such clustering of the values cannot reasonably be interpreted 
as a chance occurrence among data that have characteristics of those observed 
in prior years, such as in Cycles —1, 0, and 1. 




















Tasze 10-VIII 
Analysis of Significance of Clustering of High Values of r* along Parallels of 
Latitude 
Cycle 2, 50°N 
Number of Pea, SOS Ponae 
Stations | Sum_ Avg. ; 
10 2565 256 
26 1162 45 
36 | 3727 | 104 
Deviance | d 





Total, T | 0.4048 | 3 


| Variance | F | SF 
5 | | 
Groups, G| 0.3240 a a 0.1620 66.2 | 
| 























Residue, E| 0.0808 0.002248 | 1.0 
If y= 0.6, SF = 85x 10° 
Cycle 6, 40°N 
Number of = 10% 
Stations Sum T ‘Ave. 
6 2730 455 
30 2642 88 
36 5372 149 
Deviance | d | Variance | F | SF 
Total, T | 0.8526 | 35 | | 
Groups, G| 0.6732 2 | 0.3366 ke 61.93 1on46 
| 


Residue, EF} 0.1794 33 0.00544 





If y= 0.6, SF = 5x 10° 
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This second method of analyzing the clusters is in many ways independent 
of the values obtained by the study of the distribution of the magnitudes of 
r* using Eq. (10-1) to estimate the significance of the individual values. Ac- 
cording to the magnitude method, the significance would be just as high if 
the high values were scattered irregularly along the parallels of latitude. How- 
ever, from the point of view of verification of the Seeding Hypothesis, it is 
of extreme importance not only that there should be high values of r* but 
that these should be clustered in reasonable proximity to the effects expected 
from cyclogenesis following seeding. 


7-Day Periodicities in 700-mb Heights in Cycles 2 and 6 


Although the 7-day amplitudes and phases have been determined by the 
Weather Bureau for twenty 28-day cycles, the correlation coefficients for 
the heights have been calculated only for Cycles 2 and 6. 

The total deviance, which has the dimensions of the square of a height, 
varies greatly with latitude and is probably different over continents from over 
the oceans. It is thus hard to see how statistical use can be made of the periodic 
amplitudes. The correlation coefficient CC(28), on the other hand, is a pure 
number and is much less likely to be affected by the deviances that characterize 
other weather elements. 

The data for the 700-mb heights for Cycles 2 and 6 have a general resem- 
blance to the data for the 700-mb temperatures, but there are very distinct 
differences that are of considerable interest. 

Cycle 2 

For Cycle 2, the 700-mb heights gave a very sharply defined streamlike 
“cluster having 20 stations at which 10** exceeded 200, and the average of these 
was 288, which is higher than the corresponding average value 247 for the 
700-mb temperatures. 

For the 700-mb temperatures in Table 10-VII, the highest value of 10*7* 
was 335. Seven of the 20 values of 700-mb heights within the cluster exceeded 
335, the highest being 445. 

The location of the cluster for 700-mb heights was very nearly the same 
as that for the 700-mb temperatures. On the 90° meridian there was only 
one high value. This was at 50°N, so it was north of the region studied by 
Hubert in 1951 in measurements of the periodic fluctuation of the isotherms. 
Most of the high values extended from 85°W to 45°W, and were in the latitude 
from 30° to 55°N. It is evident from an examination of these data without 
calculation that their significance is even higher than those found for the 
700-mb temperatures in Cycle 2. 


Cycle 6 
The periodicities in 700-mb heights in Cycle 6 are still more interesting. 
The cluster of high values of 10%? greater than 200 was again very sharply 
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defined and gave a distribution very much like the temperature distribution 
over the Gulf Stream as it crosses the Atlantic. The boundary corresponding 
to 200 started at about 115°W and without any break in continuity went east 
all the way across the Atlantic and Europe to 65°E, a total distance of 180° 
in longitude. : 

Along this streamlike band there were 79 stations altogether that showed 
values of 10° greater than 200. The average of these is 300. Within these 
limits of longitude, there were 123 stations that had values of 10*r* less than 
200. The average of all of these is 92. Thus, outside of the sharply defined 
boundary, the average value corresponds to M = 0.092, which is not very 
much greater than the mean value of 0.088 that we found for the average of 
the four cycles —1, 0, +1, and 8 in Table 10-V. 

In the case of the 700-mb temperatures, the stream or cluster of high values 
extended only about as far as 10°E, and there were relatively few high values 
beyond 45°W. 

In the case of 700-mb heights, the ‘‘stream’” of high values was about 700 
miles wide as it crossed the Atlantic, but in Europe it spread out to a great 
width all the way from 25°N to 70°N (3100 miles). Between the meridians 0° 
and 30°E, there was a compact cluster of 19 stations representing an area 
of about 3 million square miles that gave values of 10*r? greater than 200 and 
averaging 314. Within this cluster there was a group of seven stations (more 
than one million square miles) that had 10%r? values ranging from 400 to 487. 

It is thus clear that even large regions of high periodicity in pressures are 
not necessarily also regions of high periodicity in temperatures. It is of interest 
that all across the United States and across the Atlantic the phases of both 
the 700-mb temperatures and pressures showed a regular progression of about 
400 miles per day from west to east. The maximum temperature was reached 
about 1.4 days later than the maximum pressure. In and near Europe, however, 
the phases remained nearly constant and showed no sign of progressing. This 
was true both for 700-mb temperatures and 700-mb pressures. The phase 
of the temperature on the average was about 0.5 day greater than the phase 
of the 700-mb height. 

These data present some extremely interesting meteorological problems. The 
weather conditions in Europe are obviously very different from those in the 
United States. The dry area near the Caspian Sea prevents any further propa- 
gation of storms, but does that cause the phases of both the temperature 
waves and the pressure waves to become constant over such large areas? 


Sparseness of Meteorological Stations Lowers the Significance Factors 


In evaluating the significance factors associated with a single value of a period- 
ic correlation coefficient such as CC(28), we need to know m, which depends 
on the number of degrees of freedom d, according to Eq. (5-15). The calculation 
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of CC(28) is based on 28 values of temperature, one for each of the successive 
days. If these data are not independent, the effect may be equivalent to a change 
in the value of m by multiplying it by a factor B. 

If we have a set of values of CC(28) at widely separated points, so that 
we may assume that these are independent of one another, we can determine 
the probability or significance factor from each of the points separately and 
get the combined effect by raultiplying the two values of SF. However, when 
there is spatial correlation between the stations, we have seen that we must 
multiply the logarithm of SF by a space factor y which will always be less 
than unity. If we divide the distance between two stations into m parts, so 
that we have z stations that are much closer together, and then if we increase n, 
the value of y must ultimately become inversely proportional to 2; for one 
cannot get any more information regarding periodicity from two stations 
very close together than from either one of the stations. 

The Weather Bureau data that have been prepared for the periodicities 
over the northern hemisphere give values of CC(28) at 245 stations for the 
700-mb temperatures and about 380 for the 700-mb heights. At each point, 
the correlation coefficient and the phase have been determined. 

The daily temperatures that were used in these computations at intersec- 
tions of latitude and longitudé were obviously not directly observed. They 
were interpolated from data at neighboring weather stations. Where possible, 
radiosonde data were used; but over enormous areas, especially over the oceans 
and in China, Mongolia, parts of Siberia, etc., the upper air stations are very. 
sparsely distributed, and in all cases where there were insufficient data for 
the upper air, extrapolations had to be made from data at sea-level stations, 
with the conditions at the 700-mb level calculated from data which necessarily 
were, in many cases, rather inadequate. 

Through the kindness of Mr. H.C.S. Thom of the Weather Bureau, I have 
been supplied with some charts of the northern hemisphere that show the 
distribution of radiosonde stations, the wind data stations, and the sea-level 
stations, which are used in preparing weather maps for the northern hemi- 
sphere. These data, I believe, are to be published by J. Namias. 

If the correlation coefficients CC(28) are determined over a grid with 
a 10-degree spacing in latitude and longitude, there are about 2.7 intersections 
per million square miles at latitude 40° and 6.0 intersections per million square 
miles at 70°N latitude. These numbers are considerably larger than the average 
of only 1.2 weather stations per million square miles that is characteristic 
of the areas listed in Table 10-IX, with the exception of the United States 
and Canada, where there are about 17 stations per million square miles. 

If we consider such an area as the Arctic Ocean north of the Murmansk 
Coast, where there is about one radiosonde station per million square miles 
‘but where there are 6 latitude and longitude intersections per million square 
miles at which correlation coefficients have been calculated, it is obvious that 
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Taste 10-IX 


Distribution of Radiosonde Stations over Typical Regions of the Northern 











Hemisphere 
eens Bound: Stations 
Area s Bera ics Soe oe shee hs per Million 
| N. Lat. | W. Long. | Square Miles 
U.S.A. and S Canada 4.0 30—50 70—120 17 
Mid-Pacific 4.4 30—55 130—180 0 
West Pacific 3.4 20—60 180—120 3 
NE Siberia 2.0 60—80 180—240 2 
China, Mongolia 4.3 20—S0 235—270 - 0.3 
Arctic Ocean (N of 
Murmansk Coast) 2.6 60—80 290—10 1 
South Atlantic 5.0 20—30 330—80 
North Atlantic 5.0 | 30—70 10—50 3 











the data at these six points cannot be independent of one another. In fact, 
the number of degrees of freedom is only 1/6 as great as though there were 
a very large number of weather stations. 

This would imply that the value of y in such a region would be of the order 
of 0.17 merely because of the lack of sufficient numbers of independent ob- 
servations. No method of interpolation can supply degrees of freedom which 
do not exist in the data, particularly in the vast areas of the mid-Pacific where 
over an area of more than 4,000,000 square miles there are no upper air sta- 
tions. It would seem that in such cases the values of y should be very small. 

The decrease in the value of y should not, in general, change the average 
value of r*, but over large areas the values in particular cycles may tend to 
be all too high or all too low. 

Mr. Ferguson Hall, in his discussion of two of the charts of periodicities 
in 700-mb heights over the northern hemisphere (Trans. N.Y. Acad. Sci., 
14, 48, 1951), says: 

“It is striking that in both charts there are several ‘highs’ of amplitude 
of periodicity throughout the northern hemisphere. This was also true 
prior to seeding, and during the other months of the experiments. It is 
also notable that in many cases the maximum amplitudes do not lie near 
the United States. Inspection of the available charts, furthermore, fails 
to disclose any significant concentration near the United States.” 

In other words, Mr. Hall, after having had these charts of the northern 
hemisphere prepared for him, sees nothing significant in such data as those 
which are presented in Table 10-VII, where the clustering of high values 
in the United States is so obvious that statistics is not needed to prove its 
significance. 


Google 


406 Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


Instead of calling attention to the fact that there is a band of high values 
of amplitudes of the 700-mb heights across the United States and across the 
Atlantic Ocean and into Europe for Cycle 6, he prefers to call attention to 
other maxima near Kamchatka, which show up in his two charts for Cycle 6 
and Cycle 16. Apparently, Mr. Hall cannot see the forest because of the trees. 
It is probable that these extra maxima which Mr. Hall emphasizes are artifacts 
caused by sparseness of the observing stations. 

Going over the complete set of 20 tables containing 4900 values of CC(28) 
distributed over the northern hemisphere, we find that less than one per cent 
of the stations along the parallels of latitude occur in clusters of 3 or more 
contiguous values for which 10*r* exceeds 200. 

There are, however, a few striking examples of the maxima outside of the 
area of the United States or the nearby parts of the north Atlantic Ocean 
which Mr. Hall calls attention to. We already have noted one of them in our 
discussion of Table 10-II, where it was pointed out that the sums of the rows 
for W longitudes 210° and 220° are very significantly greater than the mean 
of the other values. It should be noted that this latitude of 210° to 220° runs 
from the western part of the Pacific Ocean up to Siberia. It is one of the parts 
in the world in which the weather stations are very sparsely distributed. 

One of the most interesting examples is in the data for the 700-mb temperat- 
ures for Cycle 16, which started on 7 January 1951. At latitude 70°N, there 
are nine consecutive stations that have values of 10*r* greater than 200, the 
average of these nine values being 330, with a maximum of 422. At a latitude 
as far north as this, it is reasonable to assume that r, is about 0.6, so that we 
may take y to be 0.4. Even this value would leave a very high significance 
for the combined effect of the nine stations that have an average value of r* of 
0.330. However, this is a region from longitude 60°E to 20°W, in the Arctic 
Ocean mostly north of the Murmansk Coast. Radiosonde stations are ex- 
tremely sparse there, with about one station per million square miles, whereas 
at least 6 would be needed to give normal values of y. 

To test this hypothesis, a careful study was made of these same stations 
for all 18 cycles. The average for all the cycles was M = 0.083. In Cycle 15, 
for example, the average value of 10*r? was only 22 and for Cycle 17 it was 78. 
Very high values also occurred in Cycle 5, where at 80°N latitude there were 
13 contiguous values of 10%? over 200 from 240°W to 20°W and at latitude 
70° between 330°W to 20°W. 

For all 20 cycles, the data along the 70°N parallel from 280°W to 20°W 
were studied. These 220 values were formed into an array according to rows 
and columns, the rows corresponding to cycles and the columns to longitudes. 
A variance analysis showed that sums of the columns did not differ signifi- 
cantly from one another. That is, there was no appreciable dependence on 
longitude, but the variance due to the rows, which represented the separate 
cycles, was 11 times as great as the variance due to the columns, proving that 
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there is a very strong interrelationship between all the figures in the rows. 
A value of F = 11 corresponds to a significance factor of about 10’. 

In the two charts that Mr Ferguson Hall shows in his paper, there is a maxi- 
mum amplitude in the 700-mb heights at 60°N or 70°N and at a longitude 
of about 190 or 200. This is in the neighborhood of Kamchatka in northeastern 
Siberia, where the weather stations are extremely sparse. In Cycle 6 at latitude 
60°N, the three values of 107? at 180°, 190°, and 200° longitude are, respec- 
tively, 319, 407, and 354. In Cycle 14, in this same neighborhood, there are 
four consecutive values of 242, 347, 339, and 241. In both Cycles 6 and 14, 
the phases for all the values in the cluster are practically identical. Among 
the other 18 cycles, there are several cases that show clusters of low values, 
and the average for all the 20 cycles is normal. 

Most of these clusters of high and of low values ‘‘scattered over the world”’ 
are at latitudes 60°, 70°, or 80°, where the longitude lines are close together 
and where the weather stations are sparsely distributed. It is believed, therefore, 
that they are artifacts that have nothing to do with the Seeding Hypothesis. 


Unfinished Work and Recommendations 


The data of the Weather Bureau for the 700-mb heights over the northern 
hemisphere for Cycles 2 and 6 have proved of great interest, especially for 
a comparison of the 700-mb temperatures and heights. It is, therefore, our 
recommendation that the Weather Bureau should complete its investigation 
of the 700-mb heights by calculating CC(28) for the remaining 18 cycles. 

A theoretical and experimental study should be made of the factor B for 
the 7-day periodicity and for some of its harmonics to determine to what 
extent 6 depends on r%, whether it depends upon the season or on the prox- 
imity of continents or oceans. It is also important to determine whether 6 
tends to be different for 700-mb temperatures and 700-mb heights. The present 
data indicate only that 8 is not very greatly dependent upon these factors, 
but further investigation will probably show that there are variations which 
would be significant and of great interest in an understanding of the nature 
of these periodicities in heights and temperatures. 

A better theory needs to be developed for the factor y. We have seen that 
there is evidence that the values of y depend to a large degree on the relative 
numbers of weather stations as compared with the number of intersections 
for which CC(28) is calculated. There are also indications that y for stations 
only 10 degrees apart in longitude decreases in value as one goes further north, 
but this is probably owing to the decreasing distances between the intersections 
of longitude lines along the parallels of latitude. 

Far better statistical methods can be worked out that do not involve merely 
the correlations between adjacent stations but take into account the attenua- 
tion of the spatial correlations as the distance between the. stations increases. 
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In studying the spatial distribution of the r* values over the northern hemi- 
sphere, investigation should be made of the methods by which the daily tem- 
peratures at the 245 intersections for each cycle are determined from the data 
of the weather stations. The methods now in use or new methods that may 
be suggested should be specified in an objective manner. 


These methods can be applied to selected areas where the stations are 
abundant. By repeating the same analysis after omitting all but 1/2 or 1/4 
of the stations, so as to make the data arbitrarily sparse, it would be possible 
to: determine what effect the reduction in the number of stations has on the 
value of y. As the stations become fewer in number by arbitrary selection, 
the values of y should tend to decrease. A quantitative relationship between 
y and the density of the stations should be determined. 

After the best methods of calculating the values of CC(28) have been de- 
veloped, the data already obtained should be extended by determining CC(28) 
and the phases for about two years before September 1949, both for 700-mb 
temperatures and 700-mb heights. The work should also be extended to cover 
the period after Cycle 18 and especially should include Cycles 31 and 33, 
where there were marked periodicities in rainfall in the United States. In 
the case of Cycle 33, there was also a periodicity in the 700-mb temperatures. 
It is now known, however, that in both of these cycles the schedules of com- 
mercial seeding operations showed extremely high 7-day periodicities. This 
will be discussed further in Chapter 12. 

Since these seeding schedules have occasionally been periodic, it is prob- 
able that other frequencies than the 7-day frequency may also have been 
induced. Therefore, in these later cycles after the Project Cirrus seeding had 
stopped (at the end of Cycle 22), it would be well to determine whether or 
not there were significant periodicities of 5, 6, 8, or 9-day periods. 

It may be that such periodic seeding schedules occasionally result from 
the decrease in the number of degrees. of freedom characteristic of artificial 
seeding operations as compared with those of natural weather phenomena. 
Thus, when the weather becomes dependent on man’s whims in his choice 
of seeding schedules, degrees of freedom are lost and periodic phenomena 
that would otherwise be highly improbable may occur more frequently. 

It would be interesting to see whether similar periods exist in years prior 
to 1949, when large-scale silver iodide seeding began. It is important to de- 
velop methods of testing for widespread effects of silver iodide seeding even 
when the seeding schedules are not periodic. 

The Weather Bureau, by issuing ‘‘official opinions” on the comparative 
ineffectiveness of cloud seeding (see Chapter 4), has. systematically belittled 
the fine work of its own statisticians. Instead, it would be better for the Bureau 
to undertake a constructive investigation. of the remarkable facts in regard 
to 7-day periodicities which its own work has uncovered. 
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Alleged Spontaneous Occurrence of High Periodicities in 
Upper Air Temperatures in Preseeding Years 

Mr. Ferguson Hall, in his evaluation of cloud seeding (Trans. N.Y. Acad. 
Sct. 14, 47, 1951), stated: 

‘*The fact that high correlation coefficients, of the same order of magnitude 
as the highest during the seeding period, can be found from an inspection 
of past records, was illustrated by two articles appearing in the May 1951 
issue of the Bulletin of the American Meteorological Society. For example, 
Mr. William Lewis of the Weather Bureau describes the results of selecting 
three cases from a simple inspection of upper air temperature data from 
1938 to 1942. Perhaps the most striking of these cases is that at Bismarck, 
North Dakota, where a periodicity lasting 56 instead of 28 days was as 
significant as that for April 1950 at Joliet found by Dr. Langmuir.” 

In the May 1951 article referred to by Mr. Hall, Mr Lewis cites the three 
examples which are given in Lines 1, 2, and 3 of Table 10-X. 

On 28 September 1951, the writer spent a day with Ferguson Hall, Glenn 
Brier, and H.C.S. Thom at the Weather Bureau in Washington discussing 
the periodicities in upper air temperatures, pressures, etc. The paper by Mr. 
Lewis was also discussed, and the writer pointed out that to evaluate properly 
Mr. Lewis’ data it would be valuable to know in particular over how large 
an area and for what duration of time these periodicities extended. 

On 18 October, Mr. Glenn Brier sent eleven large pages of calculations 
of periodicities of upper air temperatures with an accompanying letter from 
Mr. James C. Coffin. These data are summarized in Table 10-X. 

The following extracts from Mr. Coffin’s letter describe the origin of these 
Weather Bureau calculations and the choice of stations, etc. 

‘During his recent visit to this section, Dr. Langmuir suggested an ex- 
tension of the work done by William Lewis published in the May issue 
of the Bulletin of the American Meteorological Society. 

‘*He suggested that although Lewis had been able to select points through- 
out the United States at which he could obtain high correlations and signi- 
ficant ‘F’ values, these values would attenuate rapidly over an area He 
stated that since there was very little attenuation in correlations and ‘F” 
values over a large area in April 1950 that this would be important in inter- 
preting the data [sic]. To test this hypothesis, stations were selected ap- 
proximately to the North, South, East, and West of the stations used by 
Lewis. The same method of selection was used for the period studied by 
Dr. Langmuir—April 1950. Because of difficulty in obtaining data to the 
north of Bismarck in 1940, only 3 stations were used for this period. 

“The data were tabulated and ‘F’ values and correlations computed for 
each station. The tabulation and computations follow the form and method 
used by Langmuir in his paper to the December 1950 issue of the Bulletin 
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of the American Meteorological Society. His significance factors, SF, 
were not computed; instead, the one and five per cent levels of the ‘F’ 
distribution were considered sufficient evidence of significance.” 



























































Taste 10-X 
Weather Bureau Calculations of 7-Day Periodicities of Upper Air Temperatures 
1 2 (3! 4:5 | 6 7 8 9 10 11 
| ante 
| Time chante 
2 . U; 
Station | Level | 3 ager Peal re B a gl g P ar Limit of 
«| (EST) | 8 Newson 
| icance 
| ; | Level 
1 | Chicago 1500 m| 21/4-18-38| 0400|0.776| 3900 | 1700 | 0.878} 2x10 0.01 
2 | Joliet 1500 m; 28|4-16-40: 0100) 0.710, 6300 2600 0.804| 9x104 0.01 
3 | Bismarck 1500 m! 56:3-26-40' 0100; 0.507; 2800 1300 | 0.672) 2x10* 0.01 
4 | Joliet 850 mb; 28/4-2-50 1000) 0.808} 6x10* 10° | 0.866) 4x10* 0.01 
5 | Joliet 850 mb} 28/4-2-50 | 2200) 0.856] 10” 3x 104 0.895; 5x10" 0.01 
SA | Joliet 850 mb] 28)4-2-50 | 2200) 0.782) 1.4105) 4x10 0.856; 2x 10* _ 
6 | Chicago 1500 m| 21|4-18-40| 0400] 0.776] 3900 | 1700 |0.878° 2x 10# 0.01 
7 | Sault Ste } 
Marie 1500 m} 21/4-18-40] 0400) 0.43 6 5 13 0.05 
8 | Fargo 1500 m| 21/4-18-40} 0400] 0.598} 54 "36 99 0.05 
9 | St. Louis 1500 m} 21/4-18-40' 0400} 0.65 125 80 650 0.01 
10 | Washington | 1500 mj 21 4-18-40! 0400) 0.65 125 80 700 0.01 
11 | Joliet 1500 m| 28'4-16-40} 0100] 0.710) 6300 2600 | 0.804 9x10} 0.01 
12 | Minneapolis | 1500 m| 28)4-16-40| 0100] 0.71 6300 2600 3x 105) 0.01 
13 | Sault Ste 
Marie 1500 m} 28/4-16-40} 0100) 0.52 51 34 35 0.01 
14 | St. Louis 1500 m] 28/4-16-40} 0100) 0.48 27 19 27 0.05 
15 | Washington | 1500 mj} 28|4-16-40| 0100) 0.46 20 15 20 0.05 
16 | Bismarck 1500 m 56|3-26-40| 0100) 0.507; 2800 1300 | 0.672) 2x10% 0.01 
17 | Billings 1500 mj 56|3-26-40; 0100) 0.39 90 58 | 0.495} 650 0.01 
18 | Joliet 1500 m; 56) 3-26-40) 0100; 0.47 660 350 | 0.538} 2500 0.01 
19 | Omaha 1500 m| 56) 3-26-40} 0100; 0.46 530 280 | 0.488) 1300 0.01 
20 | Joliet 850 mb] 28/4-2-50 | 1000| 0.808) 6x 105 1.5 x 10% 0.866} 4x10* 0.01 
21 | St. Cloud 850 mb) 28/4-2-50 | 1000] 0.777} 1x105 3x104 0.811) 4x10% 0.01 
22 | Sault Ste ! 
Marie 850 mb} 28:4-2-50 | 1000] 0.562) 118 72 = |0.625) 230 0.01 
23 | Washington | 850 mb 28|4-2-50 | 1000) 0.556, 101 64 | 0.704) 1900 0.01 
24 | Columb.,Mo.| 850 mb} 28/4-2-50 | 1000] 0.794] 3x10 7x 104 0.849] 1.310% 0.01 
25 | Joliet 850 mb| 28/4-2-50 | 2200| 0.856] 1.4 x 10"| 2.7x 108 0.895] 5x10] 0.01 
26 | St. Cloud 850 mb| 28/4-2-50 | 2200) 0.628} 530 280 | 0.701} 1760 0.01 
27 | Sault Ste 
Marie 850 mb} 28/4-2-50 | 2200/ 0.597] 250 144 | 0.648) 410 0.01 
28 | Washington | 850 mb| 28'4-2-50 | 2200}0.555| 101 65 | 0.735) 5200 0.01 
29 | Columb.,Mo.} 850 mb} 28/4-2-50 | 2200} 0.744 2.7.x 104 10 | 0.872 6x10% 0.01 
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In the eleven calculation sheets accompanying the letter, a variance analysis 
was made for each of 24 stations and time intervals as listed in Table 10-X 
on Lines 6 to 29, The first case in each group is that which was chosen by 
Lewis in his paper. These are the data that are listed in Lines 6, 11, and 16. 
The three or four lines below the ones just listed are those that were chosen 
by the Weather Bureau in accord with the letter of Mr. Coffin. 

For each of the 24 cases, the deviances D,, Dz, D,, and D, were calculated 
and from these the variance ratios F, correcting for rows, were obtained by 
the method described in Table 5-IX. However, instead of calculating SF 
by Eq. (5-14), he used tables giving the F distribution, together with the one 
and five per cent significance levels. These levels, which are upper limits 
to the probabilities, are listed in Table 10-X in Column 11. 

Mr. Coffin gave a summary of the calculations in a table like Table 10-X 
except that it contained only the Columns 1, 2, 3, 4, 5, 6, and 11, and another 
column with the values of the variance ratio F. 


The writer has added the data of Columns 7, 8, 9, and 10. These are based 
upon the Weather Bureau determinations of the four deviances. Column 7 
contains the value of SF calculated by Eq. (5-14), taking m = 12.5. The same 
value can be obtained by Eq. (5-18) from the values of CC(28) in Column 6, 
again using m = 12.5. Column 8 contains the significance factor calculated 
by taking m = 11.25, which corresponds to 8 = 0.9, as given in the last column 
of Table 10-V. 

These values in Column 8 thus represent our best estimate of the signifi- 
cance factor for the periodicity in upper air temperatures based on the study 
of about 100 values of r* given by the Weather Bureau in their data for the 
northern hemisphere. Columns 9 and 10 contain data for CC(28), and SF 
calculated by the method illustrated in Table 5-IX. 

William Lewis in his paper compares the periodicities which he finds for 
Chicago, Joliet, and Bismarck, as given in Lines 1, 2, and 3, with the value 
at Joliet for April 1950 given by Langmuir in the December 1950 issue of 
the Bulletin of the American Meteorological Society. These values that he quotes 
have been listed in Table 10-X in Line 5A. Mr. Coffin of the Weather Bureau, 
however, did not simply accept these values for Joliet but recalculated them 
as given in Lines 4 and 5, taking not only the data for 2200 EST but also 
for 1000 EST, as given on Line 4. These Weather Bureau calculations give 
considerably higher values for the quantities that measure the periodicity, 
such as CC(28) in Column 6 and the corresponding values of F. The calcula- 
tions on which Line 5A is based were obtained by Hubert and Wells, and 
they have already been given and discussed in Table 9-III of this report. 

Mr. Ferguson Hall stated that the periodicity found by Lewis at Bismarck 
(Line 3) was ‘‘as significant” as that found by Langmuir at Joliet in April 
1950 (Line 5A). The revised value of SF = 5x10’, calculated by the Weather 
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Bureau for the data at Joliet in April 1950 (Line 5, Column 10), is 25 times 
as high as that at Bismarck in March 1940. 

However, the values of SF found by Lewis at these three places, represented 
by Lines 1, 2, and 3 in Column 10, are so high that it becomes important to 
see how they can be reconciled with the failure of Glenn Brier, in his careful 
analysis of upper air temperatures at Joliet and Omaha for the 15 years of 
record, to obtain any equally high values of CC(28). 

The values of SF in Column 10 are based upon the tentative assumption 
that 8 is equal to unity. It has always seemed probable that the actual value 
of 8 would be less than unity, and in our early work in the analyses of the perio- 
dicities in Project Cirrus it was assumed that a value of 8 = 0.7 was a reason- 
able estimate. 

In this present chapter, however, we have been able to determine, from the 
Weather Bureau data of more than 1000 observations of CC(28) for the upper air 
temperatures distributed over the northern hemisphere, that 8 has the value 0.90, 
+0.085. This study of the distribution of r? was made from values of CC(28) 
and not from values of CC(28),. It is probable that a study of the distribution 
functions for CC(28), would give a different and probably lower value of 8. 

If we wish to compare the data in Table 10-X with the statistically de- 
termined distribution function from the data of preseeding cycles, we should 
confine ourselves to the studies of the significance factors based upon CC(n) in 
Column 6 and we should take 8 = 0.90. Thus, instead of using the signifi- 
cance factors in Column 10, we should use those in Column 8. 

The significance factors calculated by Mr. Lewis for Chicago and Bismarck 
(Lines 1 and 3) involved corrections for rows of unusually large magnitudes. 
When SF in Column 10 is compared with that in Column 8, the ratio is seen 
to be 1200: 1 for Chicago and 1500:1 for Bismarck; but for Joliet, in Line 5, 
it is only 17:1. 

Thus, the mean value of SF in. Column 8 for Lines 1, 2, and 3 is 1900, 
which is only 1/160022 of the corresponding value for Line 5 (Joliet in Cycle 6). 

This suggests that if Mr. Lewis hopes to find data from prior years that 
actually give correlation coefficients CC(28) as high as that at Joliet in Cycle 6, 
he should be prepared to examine 1600 times more upper air temperature 
data than he has so far examined. 

In Table 10-X, the data on the eleven lines 7 to 10, 12 to 15, and 17 to 19 
are for the stations selected by Mr. Coffin to determine the spatial distribution 
of CC(n) values around the stations used by Mr Lewis. The mean value of 
SF (calculated from the mean logarithm of SF) in Column 8 for these 11 
lines is SF = 74, 

A similar calculation for the eight lines 21 to 24 and 26 to 29 gives a mean 
of SF = 800. The widespread distributions of high values of CC(28) have 
been studied in Table 10-VII of this chapter and in Table 11-III and Fig. 
11-1 of the next chapter. 
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Significance of High Values of CC(28) Found from Data of Prior Years 


When an experiment is designed to produce a change that can be measured 
by a correlation coefficient, one examines the data following the start of the 
experiment to see whether the correlations have actually been modified as 
compared with those correlations obtainable from data before the start of 
the experiment. For example, we have studied the periodic correlations CC(28) 
after the start of periodic seeding, and we have compared them with values 
of CC(28) found from data before the seeding. 

_ In making this analysis, significance factors calculated from CC(28) by 
Eq. (5-18) have proved to be very useful. A value of CC(28) = 0.65 thus 
corresponds to ‘SF = 480. 

The meaning of the significance factor depends on the way in which the 
observations are selected. The values of SF given by Eq. (5-18) apply only 
to unselected data; that is, to data that are chosen without regard to the values 
of CC(28) that are found. Typical data can be chosen for each month after 
seeding started, and they can be compared with randomly selected data from 
preseeding months or years. 

But the conditions are very different when a deliberate attempt is made 
to select ‘‘equally significant” data from prior years. If we have 1000 observed 

‘values to choose from and we select only those that have values of CC(28) 
greater than 0.65, we cannot then say that each of these has a significance 
factor of 480. If we find 2 out of 1000 that have CC(28) > 0.65, we cannot 
attach any ‘‘significance’’ to these, for they are occurring in accord with a known 
distribution law. 

Thus, Mr. Hall makes a nearly meaningless statement when he says that 
the data for Bismarck were selected by ‘‘a simple inspection of upper air tem- 
perature data from 1938 to 1942” and that the observed periodicity was ‘‘as 
significant as that for April 1950 at Joliet.” The ‘‘significance” has no greater 
accuracy than is implied by the quantitative meaning of the phrase ‘‘a simple 
inspection.” . 

In assessing the significance of the values of CC(28) found by Lewis, we 
must know about how many samples he had to choose from. Let us assume 
that there are 50 radiosonde stations that have reported daily temperatures 
for 15 years. The cycle chosen for determining CC(n) may vary, in Lewis, 
examples, from 21 to 56 days (3 to 8 weeks), and it may start on any one of 
52 weeks in a year. This would give 50x15 x52x6 = 230,000 samples that 
might have been chosen. In such an array we should find about 100 examples 
with values of CC(n) as high as those found by Lewis. It should not surprise 
us particularly that he has found a couple of these examples even by ‘‘a simple 
inspection.” 

If searches are to be made through the voluminous records of the Weather 
Bureau to find the highest periodicities, it is clear that significance factors 
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of 104 or even much more will be involved. It is peculiar, therefore, that the 
Weather Bureau in discussing the variance analysis underlying Table 10-X 
should consider that the ‘‘one and five per cent levels of the ‘F’ distribution 
are sufficient evidence of significance.” 


Summary and Conclusions 


As part of a program of cooperation with Project Cirrus, the Weather Bureau 
undertook a calculation of CC(28) and the corresponding phases at 245 inter- 
sections of latitudes and longitudes distributed over the northern hemisphere 
during each of twenty successive 28-day cycles starting on 18 September 
1949 and continuing through to 31 March 1951. This involved the determina- 
tion of 4900 values of the periodic correlation coefficient. The first three of 
these cycles are preseeding cycles. 

These extensive data have not been completely analyzed. However, in 
each of the twenty cycles, the number of values of the square of the correlation 
coefficient r? that exceed 0.200 have been counted. Their approximate location 
and distribution have been noted. 

The three preseeding cycles and Cycle 8, which showed a noteworthy absence 
of 7-day periodicities, have been studied in detail. Also, the data for Cycles 2 
and 6 have been analyzed. These were the two that showed the most striking 
periodicities. 

In Table 10-I, a comparison is made between Hubert’s data on the periodic 
latitudinal fluctuations of selected isotherms from Chapter 9 and the number 
of values of 10°? which exceed 250 in successive cycles of the northern hemi- 
spheric data. 

It is seen that there were no high values of correlation coefficients in the 
three preseeding cycles, but that beginning sharply in Cycle 2, which was the 
first month of seeding, there was an average of nearly five cases of high periodic 
correlation coefficients per month over the area of the United States. Thus, 
the data indicate that the widespread periodicity over the United States began 
sharply within a week after the periodic seeding started and continued there- 
after with very few exceptions during the 17 seeding cycles that were studied. 

Complete data for r* values over the whole northern hemisphere for the 
preseeding cycle, Cycle 1, starting on 13 November 1949, are given in Table 
10-II, and a summary of the data for two other preseeding cycles and for 
Cycle 8 is summarized in Table 10-III. The remarkable fact is brought out 
that nowhere else in the world during this time is there any significant distribu- 
tion of high 7-day periodicities. In fact, the distribution of values of r* within 
different classes defined by certain class limits was found to agree excellently 
for all four of these cycles with the Fisher equation, Eq. (5-18), which was 
derived in Chapter 5. It was thus found that the value of B is equal to 0.90, 
+0.085, where f is the factor that adjusts the distribution function for the 
serial correlation, etc., that characterizes natural weather. 
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A study was made of the spatial correlation between the r® values at adjacent 
stations. A theory was developed for calculating the spatial correlation coef- 
ficient r,, and it was found that this value was of the order of magnitude of 0.5. 

This enables us to calculate a space factor y which allows us to estimate the 
combined significance of a set of spatially separated high correlation coefficients 

During Seeding Cycles 2 and 6 there were sharply defined areas in which 
there were large numbers of contiguous values of 10% that exceeded 200. 
These areas of high values, which we call clusters, were observed only in or 
near the United States. Smaller clusters were occasionally observed in other 
parts of the world, but an analysis of the data indicates that these are artifacts 
that result occasionally when the number of weather stations that report upper 
air data are too sparsely distributed. Allowing for space factors of even 0.4, 
which is presumably a lower limit in regions where there are numerous weather 
stations, we find that the combined significance of high clusters in the United 
States for Cycle 2 is of the order of 10%° and in Cycle 6 of the order of 10”. 
This estimate is based on the magnitudes of the values of r* within the clusters. 

Quite separately from that, one can make an estimate of the significance 
by considering the probability that values in excess of a certain limit should 
lie in a compact group. Here the significance factors that were obtained are 
of the order of 10* in both Cycles 2 and 6. 

The Weather Bureau has also supplied data on the 7-day periodicities 
of the 700-mb heights for Cycles 2 and 6. These show a clustering which 
is even more significant than that found for the temperatures. 

The area covered by the cluster in Cycle 6 is much larger than that observed 
for the 700-mb temperatures. It includes an area of about three million square 
miles in Europe, which is interconnected with the area of high values within 
the United States. In the case of the 700-mb temperatures, however, there 
was no corresponding area in Europe showing very significantly high values of r*, 

A list of unfinished problems in connection with these northern hemispheric 
data is made and recommendations for further work are offered. 

Mr. William Lewis in a published article has shown that some high values 
of CC(28) for upper air temperatures have occurred in preseeding years. It 
is suggested by him and Mr. Ferguson Hall that these apparently spontaneous 
occurrences of high periodicities are ‘‘as significant” as those observed in 
Seeding Cycles 2 and 6, and, therefore, it is suggested that no particular im- 
portance is to be attached to the widespread periodicities that have been ob- 
served in the seeding years over the United States. An analysis of these data 
of Mr. Lewis’ has been made, and it is shown that, when these are compared 
with the distribution functions obtained by a study of the northern hemi- 
spheric data, they are roughly a thousand times less significant than has been 
alleged in Mr. Lewis’ paper. In fact, the significance is no higher than one 
would expect to obtain when one seeks to find the highest of the values that 
have occurred in past years. 
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CHAPTER 11 


PERIODICITIES OF 700-mb TEMPERATURES— 
DISTRIBUTION OF PERIODIC CORRELATIONS CC(28), 
AND THE PROPAGATION OF THEIR PHASES ¢ OVER 
THE UNITED STATES, WITH A COMPLETE HARMONIC 

ANALYSIS OF THE DATA FOR APRIL 1950 AND APRIL 1949 


‘Wuen Lt. Comdr. Hubert and Chief Wells were preparing Occasional Reports 
26 and 27, which are now incorporated into Chapter 9 of this Final Report, 
they were impressed by the high significance of the periodicities in the upper 
air temperatures over the United States. They decided to make a much more 
thorough investigation of the 700-mb temperatures. 

Hubert and Wells, therefore, in January 1951 gathered data on the 700-mb 
temperatures over a grid of intersections of latitude and longitude lines that 
covered a large portion of the United States. For their first studies, the data 
for Cycle 6 were chosen. The 700-mb temperatures, rather than the 850-mb, 
‘were used because the highest correlation coefficients were found at this level, 
and it was high enough to avoid disturbances due to mountains in the western 
part of the United States. 


Periodicities and Phases of the 700-mb Temperatures over the United States 
in the Spring of 1950 


Table 11-I gives the daily temperatures during Cycle 6 at the 700-mb 
level at intersections of the 100°, 90°, and 80°W meridians with the 35°, 40°, 
and 45° parallels of latitude. These 9 points in the United States represent 
an area of about 1.6 10* square miles. The temperatures were read off from 
the 1500Z 700-mb constant-pressure charts published daily by the U.S. Weather 
Bureau. . 

The isotherms on these charts are at intervals of 10°F, except that the 32°F 
isotherm is given in place of the 30°F isotherm. The points at the desired 
intersection of the latitude amd longitude lines were obtained by interpolation 
between the isotherms. The standard deviation of the error made in reading 
the charts in this way is about 1.4°F. This has been found by checking a set 
‘of data by a second determination of the temperatures from the same charts, 
often by different observers. Table 11-I applies to Cycle 6, which extended 
from 2 April to 29 April 1950. 
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Tasie 11-1 
700-mb Temperatures (°F) for Cycle 6—2 April 1950 to 29 April 1950 

Fee 100°W 90°W 80°W Sim 
35°N | 40°N | 45°N | 35°N | 40°N | 45°N | 35°N | 40°N | 45°N R 
April 2 41 | 31 18 | 29 | 28 | 18 | 28 | 18 9 220 
3 43 | 32 | 10 | 40 | 31 | 19 | 35 | 32 | 19 261 
4 19 8 | -2 | 40 | 29 | 12 | 39 | 33 | 29 207 
5 21 | 10 9 | 10 2 |-4 | 33 | 11 8 100 
6 28 | 32 | 32 | 21 | 20 | 10 8 6 0 157 
7 28 | 32 | 32 | 29 | 21 | 19 | 20 | 18 | 10 209 
8 44 | 40 | 32 | 35 | 33 | 20 | 23 | 19 5 251 
9 44 | 41 | 30 | 39 | 34 | 26 | 27 | 15 | -1 255 
10 40 | 23 | 20 | 42 | 36 | 34 | 31 | 29 | 25 280 
11 32 | 24 | 15 | 32 | 26 | 15 | 40 | 35 | 31 250 
12 32, | 26 | 14 | 37 | 12 | -1 | 30 | 16 | —2 164 
13 30 | 25 | 24 | 23 | 10 | 12 | 19 | -2 | ~1 140 
14 33 | 33 | 34 | 22 | 18 | 21 | 22 5 7 195 
15 36 | 34 | 31 | 31 | 31 | 30 | 10 7 | 13 226 
16 31 | 31 | 31 | 36 | 31 | 30 | 29 | 25 | 24 268 
17 31 | 30 | 30 | 32 | 28 | 23 | 33 | 28 | 21 256 
18 34 | 24 | 10 | 31 | 28 | 24 | 31 | 26 | 22 230 
19 26 8 6 | 30 | 10 7 | 31 | 32 | 24 174 
20 29 | 16 | 10 | 10 0 2 | 29 | 20 9 125 
21 40 "| 36 26 25 14 7 18 6 5 177 
22 | 44 | 43 | 36 | 36 | 31, | 23 | 24 | 45 6 258 
23 49 | so | 35 | 44 | 41 | 28 | 39 | 34 | 21 341 
24 42 | 33 | 23 | 39 | 41 | 33 | 44 | 36 | 22 310 
25 30° | 15 6 | 38 | 33 | 27 | 40 | 36 | 26 251 
26 41 | 26 | 10 | 37 | 17 6 | 37 | 32 | 20 226 
27 39 | 18 9 | 36 | 20 5 ; 36 | 25 | 13 201 
28 45 | 32 | 16 | 42 | 31 14 | 38 | 31 12 261 
29 43 | 36 | 16 | 38 | 34 | 22 | 40 | 32 | 17 278 
Sum C= | 995 | 789 | 563 | 904 | 690 | 482 | 831 | 620 | 304 | 6271 




















For comparison with typical data of a prior year, before there was any 
periodic seeding, a corresponding 28-day cycle has been chosen in April 1949. 
The data for this cycle—beginning on Sunday, 3 April 1949, and ending on 
Saturday, 30 April 1949—are given in Table 11-II. 

From each column of these tables, the 28 readings of temperature at one 
grid point on consecutive days are used to determine the periodic correlation 
coefficient, CC(28), which for convenience can be designated by r. These 
values of r and ¢ calculated for these nine grid points for Cycle 6 are listed 
in the third section of Table 11-III within the heavy line rectangle. This table 
also contains similar data for eight other grid points in Cycle 6 and for 14 
grid points in each of the Cycles 4 and 5. Each grid point is representative 
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Tasie 11-II 
700-mb Temperatures (°F) for Nonseeding Cycle ‘‘6”—3 April 1949 
to 30 April 1949 

i940 100°W j 90°W 80°W Sum 

35°N | 40°N | 45°N | 35°N | 40°N | 45°N | 35°N 40°N 45°N R 

April 3 19 18 18 27 23 14 32 19 8 178 
4 21 22 20 33 28 21 32 19 11 207 

5 22 22 21 31 19 8 35 23 20 201 

6 39 28 20 30 20 11 28 10 10 196 

7 39 32 22 32 19 8 29 18 10 209 

8 42 33 18 39 20 10 25 9 6 202 

9 33 28 21 36 29 23 32 18 11 231 

10 22 22 26 33 31 22 32 22 17 227 
11 22 33 33 30 28 25 30 22 12 235 
12 34 35 33 33 33 33 35 28 24 288 
13 43 38 20 32 33 32 33 33 33 297 
14 39 19 9 38 30 22 37 32 26 252 
15 20 11 10 32 13 10 40 30 21 187 
16 33 32 25 20 18 18 20 10 8 184 
17 35 28 11 33 24 22 25 18 10 206 
18 39 29 21 26 11 8 30 19 11 194 
19 28 29 32 32 22 19 30 12 9 213 
20 42 33 34 33 33 33 32 22 20 282 
21 38 31 21 40 30 26 31 26 22 265 
22 43 39 19 36 28 21 37 30 26 279 
23 44 39 29 41 21 10 35 29 18 266 
24 39 45 4 37 32 33 32 18 18 298 
25 40 40 39 42 40 34 38 32 22 327 
26 42 40 30 39 36 31 38 35 31 322 
27 42 38 30 38 33 21 41 33 18 294 
28 38 37 38 38 34 32 39 32 19 307 
29 4 41 46 39 35 38 34 33 26 336 
30 42 34 34 38 38 39 35 34 33 327 
Sum C= 984 876 724 958 761 624 917 666 500 | 7010 


























of an area of about 180,000 square miles. Thus, the data given in Table 11-III 
give a measure of the 7-day periodicity and the phase angles for an area of about 
3,000,000 square miles for Cycle 6 and of about 2,500,000 square miles for 
Cycles 4 and 5. 

To evaluate the significance of the observed periodicities in Cycles 4, 5, 
and 6, it was desired to have comparable data from prior years. The correlation 
coefficients and the phases were worked out for the data of Table 11-II for 
Cycle ‘*6” in April 1949, a pre-seeding year. These results are given in the last 
section of Table 11-III. Much later in 1952 the data for 14 grid points for Cycle 
“5” starting on 6 March 1949 were calculated, and these data are given in 
the next-to-the-last section of Table 11-III. 
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The last column of Table 11-III gives the values of M, which we have 
defined as the mean square value of r*. There was a gradual increase in M 
from 0.153 to 0.482 progressing from Cycle 4 through Cycle 5 to Cycle 6. 


Tasie 11-III 


7-Day Periodicities and Phases in 700-mb Temperatures over the U.S. during 
February to April 1950, as Compared with March and April 1949 


Phase ¢ in degrees (51.43° = 1 day) 
r is CC(28), not corrected for Rows 




































































Latitude:  45°N 40°N 35°N 30°N 
M 
Cycle W long. r ¢ r @ r @ r ¢ baa 
r 
4 110° | 0.47 | —48 | 
5 Feb. 50 100 | 0.47) —15 | 0.56| —13 | 0.27] 28 | 0.11 | —10| 0.153 
to 90 | 048) 52] 0.52] 40] 059] 26 | 0.22] 39 
4 Mar. 50 80 | 0.23] 127] 0.20] 98]| 0.35] 141 | 0.25] 196 
70 | 0.35 | 209 
5 110 | 0.38 | —89 | | 
5 Mar. 50 100 | 0.36 | —40 | 0.72 | —71 | 0.73 |-85 | 0.57 | —76 | 0.280 
to 90 | 033] 16) 055| —5) 061} —3 | 0.58] 16 
1 Apr. 50 80 | 037] 73] 0.63! 52] 058| 56 | 0.45} 88 
70 | 0.27] 137 | 
6 110 | 0.65 |—101 | 
2 Apr. 50 100 | (0.76 | —48 | 0.81 | —36 | 0.69 |—24] | 0.32 5 | 0.428 
to 90 | 0.85 6] 0.83} 11] 058) 25]] 0.35} 62 
29 Apr. 50 80 | |067] 73] 0.63| 70] 059] 82|| 065) 115 
70 | 0.66] 135 | 0.64] 138] 0.60] 135 | 0.59] 155 
For Cycle 6 110 —103 
oalc 100 —47 7| —38 —30 —21 
(See equation 90 | 9 18 26 35 
given below) 80 65 73 82 1 
70 120 129 138 146 
“57 110 | 0.38 | —41 
6 Mar. 49 100 | 0.25 | —26 | 0.24] 108 | 0.16 | 175 | 0.20] 174 | 0.046 
to 90 | 0.04] 74] 0.19] 150] 0.31 | 151 | 0.16] 117 
2 Apr. 49 80 | 0.17] 158} 0.15 | 159} 0.09 | 164 | 0.29] 173 
70 | 0.07| 259 
“67 110 ] 
3 Apr. 49 100 | 0.20| 54] 0.19] 106 | 0.45 | 216 0.062 
to 90 | 0.09] 35} 0.15 | 125] 0.10 | 231 
30 Apr. 49 80 | 0.31] 185 | 0.29] 203 | 0.25 | 162 
70 











For Cycle 6: ¢ = 17.5+5.58(90—x)—1.73(y—40). 
x = West Longitude; y = North Latitude. 
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In Chapter 10 in the section entitled, ‘‘Distribution of High Values of 
10*7? During Cycles 2 and 6”, it was shown that the effect of the periodic 
silver iodide seeding was to cause a compact cluster of high values of 1 to 
occur within a well-defined area. The values of r* outside of this boundary 
were affected very little by the seeding. Equation (10-15) was then used to 
calculate log SF in terms of A,,, the mean value of 4 where A was defined by 
Eq. (10-13). 

Let us apply these methods to the evaluation of the significance of the data 
during Cycles 4, 5, and 6 shown in Table 11-III. The values of 4, multiplied 
for convenience by 1000 to avoid decimal points, are given in Table 11-IV 
for Cycles 4, 5, and 6. These data are arranged as on a map with the west 
longitude values increasing from right to left and the latitudes increasing from 
south to north. These values of 10°A differ from the values of 10** which are 
listed in Table 10-VI only by the inclusion of the higher order terms as in- 
dicated in Eq. (10-13). Only those values of 10%4 greater than 225, which 
corresponds to 10*r* = 200, have been included in the table, since from our 


Taste 11-IV 
Evaluation of the Significance of the Periodicities in 700-mb Temperatures 


The tabulated values of 10°A, calculated by Eq. (10-13) from the 
data of Table 11-III, are arranged by latitudes and longitudes. 
log SF = 0.434 SymAy by Eq. (10-15). 
m= 11.25; B = 0.90 from data of Table 10-V. 

If y = 0.4, log SF = 1.96 Ay. 

Only values of 10°A greater than 225 are listed. 















































W Long. 
Sum Log 
Cycle} N_ | 110 | 100 | 90 | 80 | 70 | and |, S¥)| sr 
. Avg. |7 = 4) y=0.4 
4 | 45° | 250] 250| 262] — | — | 1882) 3.68 
40 | — | 377] 316/ — | — 6 
35 | — | — | a7} —] — 
B30. aee fee hae fee lee igzal! gg 
Sf gSe | ee ee i cee ee | 87 | 8.33 
40 | — | 728] 361] sos| — 9 
35 | — | 759| 465} 410; — 
30 | — | 393] 410] 226] — | 473] 200 
6 | 45° | 548 | 859 | 1282| 595 | 572 | 10,015 19.59 
40 | — | 1068 | 1169 | 492| 527 15 
35 | — | 645| 410] 427| 446 
30 | — | — | — | 548] 427] 668) 1800 | 
Total 31.6 





SF for the combined data, 10*. 
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previous experience it is reasonable to think that only the higher values are 
significantly modified by the effect of seeding. 

The data of Table 11-IV give added confirmation of the definite clustering 
of the high values of 4. These high values are not scattered at random, but 
instead there is a well-defined area with a sharp boundary within which all 
values are high and all values outside this limit are low. 

At the right-hand side of the table are given on successive lines the sums 
of the values of 10°A for each of the three cycles, the number of contributing 
terms, and finally the average value of 108A which we have called 10*1,,. The 
next column gives log SF calculated from the average value for one point, 
that is, taking A = 1 and S = 1 and using the average A,,. These significance 
factors for the average value range from 34 in Cycle 4 to 200 in Cycle 5 and 
to 1800 in Cycle 6. 

The last column gives the combined significance expressed as log SF based 
on the assumption that y = 0.4. The corresponding values of SF range from 
4800 in Cycle 4 to 2x 10° in Cycle 5 and 4x 10!* in Cycle 6. The combined 
significance factor for the data in all three cycles is thus 10. 

In this calculation, we have very conservatively estimated the value of y 
to be 0.4, although we have previously taken y to be 0.6. The fact that the 
grid points are only 5 degrees apart in latitude in the data for Tables 11-III 
and 11-IV, whereas they were 10 degrees apart in the data considered in Chapter 
10, means that we should reduce somewhat the value of y. Also, previously 
we considered data only along parallels of latitude, whereas we are now consider- 
ing a two-dimensional clustering in latitude and longitude. That this estimated 
value of y = 0.4 is not too high is borne out by data which we shall discuss 
later in regard to the magnitudes of the periodic deviances of other harmonics. 

The extremely high significance factors indicate merely that there is no 
reasonable way of interpreting these data as being random fluctuations of 
weather variates consistent with the data from prior years. 

It should be noted that if we take the data from Table 10-III for Cycles 
<5”? and ‘6” for 1949, we find only one value of 4 which exceeds 225, and 
this has the value of only 10° = 226 which gives for the combined data for 
these two cycles of 1949 a significance factor of only 2.0, which is just the 
value corresponding to random distribution. Note the contrast between the 
value log SF of 31.6 for Cycles 4, 5, and 6, and 1.3 for Cycles ‘‘5’” and “6”. 

Figure 11-1 is a map of the United States giving the distribution of the 
phases and the correlation coefficients for Cycle 6. Seventeen intersections 
of latitude and longitude are considered. The upper figure at each point re- 
presents the phase in days and the lower figure the correlation coefficient 
CC(28). Sunday is taken as the day of 0 phase. At all 17 points, the correlation 
coefficients are high. In the central part of the United States, especially at 
latitudes 40° and 45° and longitudes 90° and 100°, the correlation coefficients 
are extremely high, three of them being above 0.80. 
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This map shows that the phases progress in an orderly way from west 
to east. After the points were put on this chart, Mr. Ray Falconer was asked 
to draw contours representing the lines of equal phase a day apart. The con- 
tinuous light curves running from north to south across the map are the con- 
tours so drawn. 

The phases at the nine intersections between the 80°, 90°, and 100° meri- 
dians with the 35°, 40°, and 45° parallels were then subjected to a statistical 
analysis, and the best fitting linear regression equation was calculated: This 
equation is given at the lower part of the map in terms of x and y, the latitude 
and longitude in degrees. 

The calculated wave progression traveled with a velocity of 19.8 statute 
miles per hour in a direction making an angle of 103 degrees measured clock- 
wise from the north as indicated by an arrow placed at the 110° meridian. 
The other straight dashed lines are drawn with this same inclination to the 
meridian. In the central part of the United States, except along the 30th parallel, 
there is an extremely accurate fit between the empirically drawn lines of equal 
phase and those calculated by the regression equation. The average deviation 
amounts to only about 0.10 day. At the left side of Fig. 11-1 is a table giving 
the relations between SF, r, and 4 calculated from the equation 


log SF = 4.89, 
which is based on Eq. (10-14), putting B = 0.90, m = 11.25. 


Propagation of Phases 


The fourth subdivision of Table 11-III, just below that giving the data 
for Cycle 6, contains calculated values of the phase from the regression equation 
at the foot of the table. 

All the data for phase in this table are expressed in degrees, whereas those 
on the map, Fig. 11-1, are in days, one day corresponding to 51.43 degrees. 

The agreement between the calculated and the observed phases is extra- 
ordinarily good. The phases in Cycles 4 and 5 are not greatly different from 
those observed in Cycle 6. 

Table 11-V gives an analysis of the phase distribution among the nine 
grid points over the central part of the United States in Cycles 6 and ‘‘6’’. 
The regression equation for Cycle 6 is given at the foot of Table 11-III, and 
Pearcr 28 well as ,,,, are given in Table 11-V. For Cycle ‘‘6”, the correspond- 
ing regression equation is 


¢ = 14.64+2.9(90 —x) —11.2(y —40). 


At the bottom of Table 11-V there is an analysis of the significance of the 
relation of the observed and calculated values of the phase angle ¢. If we take 
the deviance D, for the observed phases from the upper part of the table— 
for example, for Cycle 6—we get a deviance of 19,138, but after having 


Google 


Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 


TaBLe 11-V 
Analysis of the Phase Propagation 
Phase Angles in Degrees 















































424 
Cycle 6 
April 1950 
obs 
| 100 | 90 | 80 | Sum 
45 | 48; 6 | 73 | | 
40 | -36 1 70 | 45 | 
35 | —24; 25 82 | 83 | 
Sum -108 42 225 159 
SS = 21,912 
S'/N = 2,774 
Dr = 19,138 
$oalo Sum 
eae Ee 
40 | 38 | a {| 8 
35 —30, 26 | 82 | 78 | 
Sum -115 53 220 158 
(¢0b8—@oalc) and r 
be late Monae «| 
0.76 | 0.85. 0.67 
# lala sa 
35 | oe | ose | oss +5 | 
Sum Ta EST +5| 41 
For ¢—% alc: 
SS = 173 
S*/N = 0 
Dg = 173; d= 6 
S.D. = 5.4° 
For r: 
SS = 4.652 


M = Mean r* = 0.517 
RMS r= 0.719 


Correlation between ¢ovg and ¢calc: 
r® = (19,138—173)/19,138 = 0.99096 
CC(9) = r = 0.9955 

= (0.00904)-* = 1.35 x 10* 


tized ty Google 














Cycle “6” 
April 1949 
7 
| 100 | 90 | 80 | ae 
54 | z 185 | 274: 
| 106 | 125 | 203 | zk 
| 216 | oe 162 | 608 | 
“376 ~««391.—=—«S50—«1317 
SS = 232,697 
S*/N = 192,721 
Dr = 39,976 
Poaio Sum 


61 90| 119! 270 H 
117 | 146] 175 438 


173 | 202] 231 606 
351 438 525 1314 











(¢0ne—¢oatc) and r 
: 7! —55 | +66 
‘0.25 | 0.04! 007! +4 


i ~11 | —21 +28 | | 























| 0.24 | 0.19 | 0.15 | —*: 
| +43) +29 | —69 | | 
| o16| 031; 0.09] +3! 
| 425 | —47| +25! +3 
For ¢—9%calo: 
SS = 16,227 
S/N = 0.3 
Dg = 16,227; d= 6 
$.D. = 52° 
For r: 
SS = 0.315 
M = Mean r* = 0.035 
RMS rf = 0.187 


= (39,976 —16,227)/39,976 = 0.594 
Ccc(9) = r= 0.771 
= (0.406)-* = 14.6 
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subtracted out the calculated value, we find that the deviance of the residue 
is only D, = 173. 

The ratio of the difference of these two variances to the original deviance 
gives us 7%, where r is the correlation coefficient between the observed and 
the calculated values of ¢. It appears that this correlation coefficient for the 
case of Cycle 6 is 0.9955, but for Cycle ‘6” (1949), it is only 0.771. 

The significance factor is readily calculated in this case because we have 
used two degrees of freedom in constructing the regression equations—the: 
two degrees of freedom corresponding to the « and y components. For Cycle 6, 
SF is 1.35 x 10°, whereas for Cycle ‘‘6” it is only 14.6. The equation by which 
we calculate this significance factor is 


SF = (1+F/3). 


The residual deviance D, = 173 for Cycle 6 involves six degrees of freedom, 
so the residual variance is 29 and the standard deviation (S.D.) is 5.4. degrees, 
which is only 0.104 day or 2.5 hours. Thus, the regression equation, at the 
foot of Table 11-III, permits the calculation of the time of the maximum 
temperature at the 700-mb level anywhere within an area of 1.5 million square 
miles within an accuracy (S.D.) of 2.5 hours. For Cycle ‘‘6’’, the best regres- 
sion equation that can be made gives a corresponding standard deviation of 
52 degrees or 1.00 day. 

Figure 11-2 is a phase dial representing the values of $..—@ea. taken 
from Table 11-V for Cycles 6 and ‘‘6”. For Cycle ‘‘6” in 1949 the points 
marked by crosses are distributed around a center of gravity corresponding 
to r = 0.14, a value so low as to be without appreciable significance. On the 
other hand, the nine points for Cycle 6 in 1950 form a cluster around the center 
at r = 0.71. The scattering of the points around the center of gravity is ap- 
proximately the same in both cases. The heavy circles drawn about the two 
centers of gravity have radii that correspond to the standard Sonsoas of the 
values of $—@eaic- 

The periodic seeding thus seems to have produced substantially the same 
effect over the whole of the area of 1.5 million square miles, and the periodicity 
seems to be superimposed upon quite normal variations that are not appreciably 
different from those of the former years. 

It is possible to analyze the significance of the data of Fig. 11-2 by the 
Fisher Method of variance ratios. Each point in the diagram represents a phase 
and an angle and thus corresponds to two degrees of freedom. Table 11-VI 
illustrates the variance analysis for these cases. 

D, is equal to the sum of all the r? values as given in the lower part of 
Table 11-V. The nine points should correspond to 18 degrees of freedom, 
but we may deduct three degrees from this because of the three constants 
that have been determined from the data by the regression equation which 
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Taste 11-VI 
Variance Analysis for Phase Dial of Figure 11-2 














d Var. | F SF 
Cycle 6 (1950) 
Dr = 4.652 ps), —!}!— | — 
Du = 4.486 2 | 2.243 |175.8 | 10% 
Dz = 0.166 13 | 0.0128] 1.0 
Cycle “6” (1949) 
Dr = 0.315 is} —|—| — 
Du = 0.186 2 | 0.093 | 9.37) 10%# 
Dg = 0.129 13 | 0.0099; 1.00 











was used to determine ¢,,,,. Therefore, from the foregoing table, we con- 
clude that the effective number of degrees of freedom is 15. 

The deviance D, = 4.486 corresponds to the deviance associated with 
the vector mean or the center of gravity illustrated in Fig. 11-2. Since there 





Fic. 11-2. Phase dial for 700-mb temperatures during Cycles 6 (1950) and ‘‘6” 
(1949) at nine grid points, 80° to 100°W long. and 35° to 45° N lat. Angles 
are ¢—¢caio and radii are r values for 28 days (not corrected for weeks). 
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are nine points, the total deviance is thus 9x0.71*%. There are two degrees 
of freedom associated with this mean. The residual deviance (error) D, is 
equal to 0.166, the difference between D,; and Dy. There are 13 degrees of 
freedom associated with D,. 

The value of D, can also be found directly by graphical methods by measuring 
the sums of the squares of the distances of the nine points from the common 
center of gravity. The unit used for this measurement is the same as that used 
in measuring the correlation coefficient r. Actual trial shows that the values 
of D, obtained by. this graphical method and by calculation from the data of 
Table 11-VI are in excellent agreement. 

In the usual way, one can then calculate the variance and the F-ratio. Since 
there are two degrees of freedom associated with D,, it is possible to calculate 
SF by the equation: 


SF = (14-F/6.5)*5 = 2.5 x 10°, 


The clustering of the points for Cycle 6 is thus seen to be of very high signifi- 
cance, whereas that of Cycle ‘‘6” is relatively very much lower. 


Periodicities of Daily Average 700-mb Temperatures over Large Areas during 
Cycles 5 and 6 


In the analyses of the 7-day periodicities in the 700-mb temperatures that 
we have been making in this chapter, we have considered the nine stations 
listed in Tables 11-I and 11-II separately. The sums of the temperatures 
at the nine stations for any one day are given in the last column of these 
tables under the heading R. If we divide these by 9, we obtain the mean daily 
temperatures during Cycle 6 for the nine stations, which represent an area 
of about 1.5x10* square miles. These quantities also show a strong 7-day 
periodicity. The adding together of the temperatures at different points where 
the phases may differ by as much as one day from the mean has the effect 
of smoothing out the curves but also lowering the amplitude. It is of interest, 
however, to analyze the periodicity of these mean temperatures and also to 
make a corresponding analysis for the preceding cycle, Cycle 5. These data 
for Cycles 5 and 6 are summarized in Fig. 11-3. 

These curves show that there was a distinct periodicity even in the first 
three weeks of Cycle 5, but that the most marked periodicity began on 22 
March and lasted through to 25 April —a period of five weeks or 35 days. 

For this 35-day cycle, the value of CC(7) was 0.988, for which SF = 1700. 
It was also found that CC(35) = 0.869 with SF = 6x10*. The deviance due 
to the rows was not significant. The phase for these five weeks was 0.22 day. 
The points corresponding to these weekly maxima have been indicated at 
the top edge of Fig. 11-3 by small vertical lines. It is seen that these not only 
fit the data very well for the five weeks but also agree well with the maxima 
in the three first weeks of Cycle 5. 
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The analysis shows that the amplitude of the periodic component of the 
temperature fluctuations during the five weeks starting on 22 March was 11.0°F. 
It should be noted that in Table 9-I Hubert and Wells found that the amplitude 
of the temperature fluctuations over Chicago, Omaha, and Columbia averaged 
about 8°C, which is 14.4°F, Thus, the average amplitude found for the five 
weeks we have been considering for the nine intersections is only about 76 per 
cent as high as the maximum shown in Chapter 9 for individual cities. However, 
the amplitude of 11.0°F agrees well with the average of the amplitudes that 
was given in Table 9-I. 


40°F 


~ CALCULATED PHASE? 
OF 7-DAY PERIOD 


Ni. ie A 
Ba A yp LAL 


30°F 
20°F 


Re SOE 
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20 30 5 30 
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Fic. 11-3. Average daily 700-mb temperatures, March and April 1950, at nine 
intersections of 80°, 90°, and 100° W longitudes with 35°, 40°, and 45° N latitudes. 


e 


A similar calculation was made for the data of Cycle ‘‘6” using the average 
temperatures obtained by dividing the values in the last column of Table 11-II 
by 9. These calculations gave CC(28) = 0.187, with SF = 1.6. Thus, for 
the area as a whole, there was no significant periodicity in April 1949. 


Complete Harmonic Analyses of the 700-mb Temperatures during Cycles 6 
and ‘6” 

The 28 temperature measurements within one 28-day cycle permit the cal- 
culation of the coefficients of 27 terms of a Fourier series. Tables 11-VII and 
11-VIII give the harmonic analysis of the data in Tables 11-I and 11-IT. 
All the degrees of freedom represented by the original observations were used 
in determining the data of Tables 11-VII and 11-VIII. If we divide the deviance 
D, by D;, we get the square of the correlation coefficient. The sums of the 
squares of the correlation coefficients for each of the harmonics must add 
up to unity. If the original temperature data — Tables 11-I and 11-II — were 
randomly distributed in time, then the correlation coefficients for the diffe- 
rent harmonics would be approximately equal. 

The data of Table 11-VIII show that there is a tendency for the observed 
sums in the next-to-the-last column to decrease gradually as the period of the 
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harmonic decreases or the harmonic index mn, increases. The average values 
of corresponding pairs of sums R,,, from Tables 11-VII and 11-VIII were 
plotted on semilogarithmic paper against n, as abscissa. The points lay ap- 
proximately along a straight line. In determining these mean values, the high 
value for the fourth harmonic in Table 11-I was omitted because it obviously 
is not consistent with the other values. 

Later, a regression equation was calculated by taking log R,,, as the variate 
and getting a linear regression equation in terms of nz. The values obtained 
by the regression equation are given at the bottom of Tables 11-VII and 
11-VIII. The correlation between log R,,, and #, determined from the 
Tegression equation gave CC(14) = —0.914 with an SF greater than 2x 104. 

When R,,,, was subtracted from R,,, and these differences were arranged 
in tabular form as a function of m,, it was found that neither the deviance 
of the rows, which corresponded to the values of n,, nor the deviance due to 
the columns, which corresponded to the nine intersections of latitude and 
longitude lines, was significant. It is interesting that the two regression equations 
have the same slope, and the actual deviances agree with one another within 
about 10 per cent. 


Tasye 11-VII 
700-mb Temperatures (°F) at Nine Grid Points 
Harmonic Analysis of Cycle 6—2 April to 29 April 1950 
Temperature deviance D(P) for each harmonic based on the data of Table 11-I 







































































5 Har. eo" 
os monte 100°W 90°W 80°W Rove Reale 
"H \'35°N] 40°N| 45°N| 35°N 40°N | 45°N 35°N | 40°N | 45°N 

32.3 | 24.6 | 17.2 | 29.7 | 22.1 | 14.1 | 223.5 
28 1 81 6 | 627 | 133 | 124 | 95 | 538 | 638| 111 | 2353) 2387 
14 2 | 163 | 140 | 211 | 335 | 147] 57 | 168 22 56 | 1299) 1976 
9.33 3 | 146 9 | 340] 80] 102 | 216) 116} 329 57 | 1395] 1536 
7.00 4 | 803 |1902 |1718 | 494 |2220 |1934 | 748 | 1329 | 1272 | 12,420) 1358 
5.60 5 14 | 355 | 125 | 20| 46] 43 30 23 47 703) 1127 
4.67 6 53 | 125 | 52) 220| 45 | 143 63 19 96 816} 933 
4.00 7 20} 60 | 109 | 129| 45} 66] 165 | 404] 260] 1258] 774 
3.50 8 22 | 21) 117 | 163 | 125 | 148 23 96 | 236 951] 612 
3.11 9 1110} 78 7| 111 | 70] 93] 189) 229| 303] 1190; 532 
2.80 10 18 84 | 37 85 22 95 20 28 44 433 440 
2.55 11 56 | 121 16} 90 22 1 6 23 39 374, 366 
2.33 12 15 13 13 10 | 66 21 33 7 16 194 303 
2.15 13 8 5 26 | 145 47 19 86 14 11 361 248 
2.00 14 0 1 4 7 29 14 9 1 23 88) 179 
Sum 1509 |2920 & 2022 |3110 |2945 | 2194 | 3162 | 2571 | 23,835) 12,771 

Sum, omit- 
ting 4th 706 |1018 /1684 |1528 | 890 |1011 | 1446 | 1833 | 1299 | 11,415) 





























logio R= 3.459—0.0814 ny. 
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Tasig 11-VIII 


700-mb Temperatures (°F) at Nine Grid Points 
Harmonic Analysts of Nonseeding “Cycle” 6—3 April to 30 April 1949 
Temperature deviance D(P) for each harmonic based on the data of Table 11-II 


















































| 
Period | Har- 100°W 90°W 80°W 
(Days) | monic | | 5a | Rese 
35°N |40°N [45°N |35°N |40°N |45°N | 35°N | 40°N | 45°N 

Avg. Temp °F | 35.4 | 31.4 | 25.6 | 34.2 | 27.2 | 22.1| 32.8 | 24.1 | 17.9 | 250.7 

28 1 | 195 | 397 | 394| 149 | 216 | 116] 162{ 210] 51| 1890] 2610 
14 2 | 199 | 462 | 188 | 166 | 416 | 637] 204] 636] 387] 3295) 2161 
9.33 3 | 112] 48 | 257 5 | 214] 520] 88] 198] 320] 1762] 1680 
7.00 4 | 200] 17| 84] 37] 23] 48 17; 162} 110] 698) 1485 
5.60 5 | 314] 440 | 266] 31| 66] 74] 63 19 | 21] 1294} 1232 
4.67 6 | 127} 53 | 204] 17| 24] 154] 40 4] 51] 674) 1020 
4.00 7 | 129 | 198 | 350 | 32 | 187 | 444 8| 242] 420] 2010; 847 
3.50 8 | 108 | 113 | 24] 10] So] 44] 32 13 66 | 460, 669 
3.11 9 12| 32] O| 43] 34] 10] 26 15 15} 187] 582 
2.80 10 2] 96| 34] 2] 8] 11 8 11 49| 221) 481 
2.55 11 3 3| 14] 26] 100] 163 | 146] 235 | 47] 737| 400 
2.33 12 | 26} 20) oO] 18) 3 6 15 8 1 97| 332 
2.15 | 13 1] 10] 34] 50] 10] 86 13 18| 36] 258 275 
2.00 | 14 | 73] 29] 23] 21] 69 | 109 16 26 18| 384] 196 

Sum 1591 |1918 |1872 | 607 |1420 |2422 | 838 | 1797 | 1592 | 13,967] 13,970 

Sum, omit- 

ting 4th 1391 |1901 /1788 | 570 |1397 12374 | 821 | 1635 | 1482 | 13,269 









































logio R = 3.498 —0.0814 ny. 


The outstanding feature of Table 11-VII is the extraordinarily high value 
of the periodic deviance corresponding to the fourth harmonic. In each of the 
nine columns of this table, the deviance for n, = 4 is far higher than any other 
of the 13 deviances. The sum R,,, for the fourth harmonic, which is 12,420, 
is 14.7 times the average of the deviances of all the other harmonics, which 
is 845, and is five times as high as the highest deviance of any of the other 
harmonics. . 

A similar examination of the data of Table 11-VIII shows that the fourth 
harmonic is only 0.7 of the average of the other deviances, but this difference 
is not of statistical significance. 

A variance analysis has been made of the data of Table 11-VII according 
to rows and columns, and the results show that the deviance due to the sums 
of the columns is not significant. 

If one considers the distribution of the 13 values of the rows, omitting 
the fourth harmonic, one finds that the variation indicated by the variance 
equation at the foot of the table has a significance of the order of 10*; but 
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after this is subtracted, there is no significance to the deviances associated 
with Ru, — Reare- 

However, if one now includes the fourth harmonic and makes a Fisher 
variance test to determine the significance of the fourth harmonic compared. 
with all of the others, one obtains a Fisher variance value F = 373 with d, = 123. 
The significance factor associated with this is of the order of 10*. 

The reality of the high significance of the fourth harmonic shown by Table 
11-VII is so striking that it does not need statistics to prove it. 

It is noteworthy that, with the exception of the fourth harmonic, the magni- 
tudes of all the other harmonics were not significantly different in April 1950 
from those of April 1949, Another factor that should be noted is that neighboring 
harmonics — that is, the harmonics of 9.3 days or 5.6 days — have no tendency 
to be higher than those further removed from the fourth harmonic. There is 
thus no evidence for the existence of naturally occurring maxima in periodi- 
cities in the neighborhood of seven days. 

These results seem to be conclusive verification of the Seeding Hypothesis. 
It is not reasonable to assume that such periodicities just happen of their 
own accord. As far as the writer knows, no other reasonable hypothesis than 
the periodicity of the silver iodide seeding has been suggested that is adequate 
to account for these outstanding 7-day periodicities. 


Summary and Conclusions 


This chapter covers the analysis of data of the 700-mb temperatures that 
were collected during the spring of 1951 by Lt. Comdr. Hubert and Chief 
Wells. Daily temperatures at latitude and longitude intersections over an 
area in the United States of 1.5 million square miles during Cycle 6 in April 
1950 and Cycle ‘‘6” in April 1949 were tabulated and anaylzed. The daily 
average temperatures for nine such intersections are plotted in Fig. 11-3, 
day by day, for Cycles 5 and 6, a total of eight weeks. 

The periodicity showed the greatest regularity and largest amplitude in 
the five-week interval from 22 March 1950 through 25 April 1950. For this 
35-day cycle, the periodic correlation coefficient CC(35) was equal to 0.869, 
which is the highest that we have found for any meteorological phenomenon. 
The significance factor calculated by Eq. (5-18) corresponds to 6 x 10°. 

The phase remained remarkably constant in successive weeks, but the 
most noteworthy feature of the phases was that they progressed with great 
regularity over the United States, as shown in Fig. 11-1. The temperature 
waves traveled with a velocity of 19.8 miles per hour in a direction making 
an angle of 103 degrees measured clockwise from the north. 

It was thus possible to express the phases by an equation having only three 
adjustable parameters. The accuracy of fit of the phase calculated by the 
simple equation and the observations at nine different stations give a correlation 
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coefficient of 0.9956, which was obtained from the analysis given in Table 
11-V. The significance factor of this correlation corresponds to-about 10, 
but for the preceding year a similar calculation gave SF = 15. 

The data of Table 11-IV indicate that the high degree of 7-day periodicity 
of the upper air temperatures occurred within sharply defined groups of stations 
which we call clusters. For Cycle 4, the cluster of high values extended over 
an area of about one million square miles. In Cycle 5, the area was 1.6 million 
and in Cycle 6 it was 2.6 million square miles within the United States. The 
total significance of the high values of significance factors within these clusters 
added up to a total of 10", even after making allowance for the fact that the 
correlations at points 350 miles apart are not wholly independent of one another. 

The day-by-day upper air temperatures at the nine selected stations in 
the United States for Cycle 6 and for the preceding Cycle ‘‘6”’ were subjected 
to a complete harmonic analysis using the 28 observations in each of the cycles 
and at each station to determine 28 coefficients of a Fourier series for 14 har- 
monics. These data are listed in Tables 11-VII and 11-VIII. 

In general, there is a gradual decrease in the variance of the separate har- 
Monics as we progress towards the higher harmonics — that is, the shorter 
periods. . 

For example, it was found in Cycle 6 that the variance corresponding to 
the 7-day periodicity was 14.7 times the average of the variances of all the 
other harmonics, whereas for the year before, in Cycle ‘‘6”, the variance due 
to the 7-day periodicity was only 0.7 of the average of the other deviances. 

It would seem that this evidence alone would be sufficient to prove comple- 
tely the statistical significance of the 7-day periodicity of the weather in April 
1950, and it should be sufficiently good to make unnecessary the analysis of 
rainfall data or any of the other variates that we have considered in other 
chapters. 
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Cuapter 12 


SEVEN-DAY PERIODICITIES IN RAINFALL 
AND THE PHASE PROPAGATION OVER 
THE UNITED STATES 


In CuaptTers 5, 6, and 7, we considered the periodicity in rainfall, particularly 
in Cycles 2 to 6. We have not yet made a detailed study of the progression 
of the phases of the rainfall across the United States. In the present chapter, 
we will give data on the values of CC(28), and the phases ¢ for the rainfall 
in the 15 subdivisions of the United States that are shown in Fig. 7-1. Table 
7-XIV summarized the values of CC(28), and the phases for the whole United 
States during Cycles 2 to 6. 

A variance analysis was made of the data in Table 7-XIII which listed 
the values of 10*r*, The low values of r* in the nonseeding cycle, Cycle 1, and 
the exceptionally high values of Cycle 6 were extremely significant, with SF 
about 10°. Cycles 2, 3, 4, and 5, however, were not significantly different from 
one another. The periodicities extended over the whole United States but 
were somewhat more marked in Subdivisions A, F, and I, which were in the 
neighborhood of the Ohio Basin. 

In Chapter 4, Table 4-I, the seeding schedules were given during the first 
six cycles. Table 12-I extends the list of seeding cycles with their starting 
dates. The periodic seedings continued until the end of Cycle 22. After that, 
there was no periodic seeding done by Project Cirrus. From Cycles 2 to 12, 
the seeding was done on Tuesday, Wednesday, and Thursday, except that in 
Cycles 4 and 5 seeding was done only on Tuesday and Wednesday. Column 6 
gives the mean phase of the seeding days. All during this time, one generator 
was operating. Beginning with Cycle 13 on 15 October 1950, the seedings 
were done for two cycles on Mondays, then for two cycles on Fridays, and then 
on Mondays and Fridays, etc., as indicated in Column 6. The odd numbered 
cycles — 13, 15, 17, etc — have phases which are 0.33 greater than those on 
the even numbered cycles. The reason for this was that in these odd cycles 
the seeding was done from 4 p.m. until midnight, whereas in the even numbered 
cycles it was done from 8 a.m. to 4 p.m. At that time, it was desired to know 
whether there was a different effect from the seeding done in daylight from 
that done at night. In the present chapter we shall give tables containing the 
correlation coefficients CC(28) and the phases for all the subdivisions and all 
the cycles from 7 to 29. Table 12-I contains a summary of many of these 
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results. The correlation r given in Column 4 is the root mean square value of 
all the correlation coefficients in each of the cycles. The third column gives 
the number of subdivisions at which correlation coefficients were obtained. 
Where the figure is below 15, it means that there was too little rainfall in some 
of the subdivisions to permit an adequate determination of the correlation 
coefficient. The square of the value given in the fourth column is, therefore, 
the quantity that we have called M. Column 5 gives Ay, which is the mean 
value of A for all the subdivisions, 4 being defined by Eq. (10-13). In general, 
it has a value only slightly greater than r*. It should be noted that 4,, in the 
nonseeding cycles (Cycle 1 and Cycles 23 to 29 inclusive) is in general much 
lower than in the seeding cycles. It is obvious also from the inspection of the 
figures that the highest values of A, occur during Cycles 2 to 6. Cycle 9 also 
gives high values, and there are some very low values among the others in 
some of the later cycles. For example, there are two below 0.100, viz., 0.053 
in Cycle 14 and 0.060 in Cycle 16. Column 7 gives the number of subdivisions 
that had a value of r greater than 0.52 in each cycle, and Column 8 gives the 
maximum of the correlation coefficients observed in each of the cycles. It will 
be seen that Columns 5, 7, and 8 show parallel variations; yet Column 8 gives 
information only about the highest value and Column 7 tells the number of 
subdivisions that have values in excess of a certain limit. The limit is r greater 
than 0.52, which is equivalent to r* greater than 0.270. 

In Table 10-I, which gives the Weather Bureau data on the periodicities 
in the 700-mb temperatures within the area of the United States as defined 
by the boundaries of the 30°N and 50°N parallels of latitude and the 70°W 
and 120°W meridians, the last column gives the number of stations within 
this area that showed 7? values greater than 0.25. These were compared with 
the correlation coefficient that had been found by Hubert in his study of the 
latitudinal fluctuations of the isotherms along the 90° meridian, as given in 
Table 9-VIII. The values listed in the ninth column of Table 10-I extended 
only to the eleventh cycle, because that is as far as Hubert’s observations had 
extended. 

In Table 12-II, Column C, these same numbers are extended to the 18th 
cycle, which is as far as we have data from the Weather Bureau. Columns A 
and B in Table 12-II, obtained from Columns 5 and 7 of Table 12-I, give 
a measure of the rainfall. 

Table 12-II is designed to give a rough measure of the variation of the 
rainfall between the various cycles and to compare it with the periodicities 
observed in the 700-mb temperatures. This comparison is made by obtaining 
the correlation coefficients between pairs of figures in A and B or B and C or 
C and A, as given at the foot of the table. The correlation coefficients are very 
high. Between A and B, the two methods of testing for rainfall periodicity, 
the correlation coefficient was 0.9425, which corresponds to a significance 
factor of 10° for 26 pairs of observations. The rainfall as measured by B shows 
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Tasie 12-1 
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Analysis of 7-Day Rainfall Periodicities During 29 Successive 28-Day Cycles 


over 15 Subdivisions of U.S.A. (2,500,000 square miles) 


r= CC(28)pz by FYOS (or 3-Class for Cycles 1 to 10) 






































1 2 3) 41°55 6 7 | 8 
‘ Corr. Phase Subd. 
Cyclel Starting | | Goef.} aw | _ of with | Max. 
r Seeding | r> 0.52 
1 | 13 Nov. 49 | 11/0.239 |0.059| None | 0 [0.35 
2 | 11 Dec. 49 | 15/0.409|0.188| 3.0 3 (0.54 
3 | 8 Jan. 50 | 15|0.363/0.146| 3.0 1 | 0.54 
4 | 5 Feb. 50 | 15/0.402| 0.184] 2.50 2 | 0.62 
5 | 5 Mar.50 | 15\0.417|0.212| 2.50 3 | 0.65 
6 | 2 Apr. 50 | 15/0.552| 0.386] 3.0 9 |0.73 
7 | 30 Apr. 50 | 14/ 0.398 | 0.187] 3.0 2 10.76 
8 | 28 May 50 | 14/0,312/0.113] 3.0 o {ost 
9 | 25 June 50 | 14| 0.442| 0.250) 3.0 4 | 0.69 
10 | 23 July 50 | 14/0.365/0.153| 3.0 2 |0.60 
11 | 20 Aug. 50 | 13/0.306| 0.100] 3.0 0 10.45 
12 | 17 Sept.50 | 15/0.305]0.101| 3.0 1 | 0.53 
13 | 15 Oct. 50 | 15/0.336|0.126| 1.33 0 |0.52 
14 | 12 Nov. 50 | 15/0.226|0.053| 1.0 0 | 0.33 
15 | 10 Dec. 50 | 15|0.351| 0.136] 5.33 2 [055 
16 | 7 Jan. 51 | 15|0.239| 0.060] 5.0 o |040 
17 | 4 Feb. 51 | 14/0378 |0.161| 1.33 1 | 0.60 
18 | 4Mar.si | 15/0.361|0.157| 1.00 1 | 0.66 
19 | 1 Apr. 51 | 14/0401 |0.192| 5.33 2 | 0.74 
20 | 29 Apr. 51 | 15/0.326/0.116| 5.0 1 | 0.57 
21 | 27 May 51 | 13] 0.361 | 0.167] 1.33 2 |o72 
22 | 24 June 51 | 13/0.412/0.195| 1.0 2 | 0.64 
23 | 22 July 51 | 13|0.274|0.079| None 0 (04 
24 | 19 Aug. 51 | 13/0.268|0.077| None o |048 
25 | 16 Sept.51 | 14] 0.264 | 0.074 | None o | 038 
26 | 14 Oct. 51 | 14/ 0.34210.117| None o | 0.47 
27 | 11 Nov. 51 | 15| 0.388 |0.176| None 2 |0.68 
28 | 9 Dec. 51 | 15|0.315|0.108| None o |ose 
29 | 6 Jan. 52 | 14| 0.288 | 0.088| None o | 04s 


a correlation of 0.928 with a significance factor of 10°, when compared with the 











700-mb temperatures. The comparison between C and A gives a correlation 
coefficient of 0.897 with SF = 10°. In this case, the values of 10#1 have been 
assumed to be 10, which is about the value that corresponds to no significance. 
We can draw several interesting conclusions from these results. The months of 
no seeding — that is, Cycles —1, 0, and 1, and Cycles 23 to 26 — show very low 
values of rainfall by both methods as compared with the values obtained during 
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the seeding months. It is also very clear that the high values in the seeding 
months were particularly high in Cycles 2, 5, 6, and 9, but during many other 
cycles — for example in Cycles 11, 14, and 16 — the seeding seemed to produce 
no high values of any of these variables. 

Taste 12-II 


A Comparison of 7-Day _Periodicities in Rainfall and in 
700-mb Temperatures in Successive Cycles 



































A i B c 
Rainfall 
Cycle Rainfall | Table 12-1 700-mb Temp. 
Table 12-1 Column 7 Table 12-1 
10%” No. of Subd. r> 0.50 
r>0.52 > 0.250 
-1 (10) —< 0 
0 (10) _ 0 
1 6 0 0 
2 19 3 7 
3 15 | 1 1 
4) 18 2 3 
5 21 3 7 
6 39 | 9 14 
7 19 1 2 1 
8 il 0 2 
9 25 4 6 
10 15 i 2 1 
it 10 0 0 
12 10 1 1 
13 13 ' 0 1 
14 5 0 0 
15 14 2 0 
16 6 0 0 
17 16 1 1 
18 16 1 2 
19 19 i 2 - 
20 12 1 | _ 
21 17 2 — 
22 20 2 —_ 
23 8 0 _ 
24 8 0 a=. 
25 7 | 0 _ 
26 12 0 _ 
Correlations: 
d, a, F SF 
A,B CC(26) = 0.9425 1 24 190 10" 
B,C —CC(18) = 0.928 1 16 99 10" 
C,A — CC(20) = 0.897 1 18 4 10° 
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In Chapter 10, the periodicity in the 700-mb temperatures was studied 
in considerable detail for Cycles 2 and 6, and it was found to be of very high 
significance. Cycle 5, which was not analyzed in detail, shows, according to 
the Weather Bureau data, a cluster of 12 contiguous high values in which 10*r* 
exceeds 200. However, in general, in the other 15 cycles of seeding no such 
marked clusters were noted, with the exception of Cycle 9. The question, 
therefore, arises whether the occasional high values which are not in well- 
defined clusters have any significance; that is, whether they give any evidence 
for the Seeding Hypothesis. The data of Table 12-II seem to give very definite 
evidence along these lines. Certainly the values of B for rainfall show that during 
the whole 21 cycles of periodic seeding there were far more high values of r* 
than occurred during the nonseeding cycles. However, in Column C of Table 
12-II, even if we exclude Cycles 10 to 18, we find several entries as small as 
1 or 2. The question is, are these periodicities significant from the point of 
view of the Seeding Hypothesis? 

From an examination of the rainfall data in-Column B, one sees definitely 
that Cycles 2 to 6 had consistently high values of r*. Cycles 11 to 14 were so 
low that there was not much more periodicity than in the nonseeding cycles. 
However, Cycles 10 to 14 showed several moderately high values and Cycles 
15 to 22 also showed sporadically rather high values. We have, therefore, 
tested the high correlation between Columns B and C shown at the bottom 
of Table 12-II to see whether it would still exist if we left out Cycles 2 to 6, 
which show the unusually strong correlation. When we do this, we find that 
with Cycles 2 and 6 left out we have CC(16) = +0.76 with SF = 1600. 
If we also leave out Cycle 9, we find that the correlation coefficient CC(15). 
equals 0.56 with SF = 40. 

Thus, the most remarkable thing about the comparison of Columns B and 
C is that the high values in Cycles 2, 6, and 9 are observed in both rainfall 
and in upper air temperatures, but we see further that the parallelism between 
the rainfall and the upper air temperatures extends also to the other cycles 
up to Cycle 18, which is the end of the period covered by the Weather Bureau 
data. 

It is thus clear that within the United States the periodicities in the 700-mb 
temperatures are significantly related to the seeding schedule during practically 
all of the 17 seeding cycles that were covered by the data. Mr. Ferguson Hall, 
on the other hand, said that his inspection of the data ‘“‘fails to disclose any 
significant concentration near the United States.” 

The horizontal lines drawn across Table 12-I show the subdivisions of 
the cycles into groups according to the relative frequency of occurrence of 
significant periodicities. The sporadic nature of this periodicity, especially 
in Cycles 11 to 14, and also in Cycle 16, suggests that it is caused by the masking 
effect of the commercial seeding operations which were increasing very rapidly 
in amount during this year. In the paper by the writer presented before the 
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New York Academy of Sciences on 23 October 1951, a summary of the com- 
mercial seeding activities was given as follows: 

“*After May 1950, however, the periodicities became somewhat sporadic, 
although highly significant periodicities over large areas still occurred during 
more than half of the cycles after July 1950. Presumably the large amount 
of commercial silver iodide seeding in the western states (not done with 
a weekly periodicity) masks the effects of the periodic seedings in New 
Mexico. By a map, prepared by Dr. V. J. Schaefer, the areas were shown 
in which known seeding operations have been carried out in 1951. In 15 
states west of the 95°W meridian (excluding Texas), about 500,000 square 
miles, or 37 per cent of the total area of these states, was under seeding 
contracts during 1951.” 


This activity had been increasing during 1950, so it is only natural that 
such irregular seeding should interfere with the observance of clean-cut 7-day 
periodicity. The action is, however, sporadic because the seeding operations 
tend to decrease when there is enough rain from natural causes. Therefore, 
there were times, especially in the spring of 1951, where in the West there 
were heavy rains for which the 7-day periodicities again increased in magnitude. 
However, they never became comparable in magnitude with those observed 
in Cycle 6.! 

During seven months, beginning with November 1951, we have the day-by- 
day seeding schedules furnished us by one of the large operators. During 
these seven months there were 25,000 generator hours in an area covering 
13 western states. This is about 3500 generator hours per month. When Project 
Cirrus was doing its periodic seeding it used only about 85 generator hours 
per month. Thus, the seeding done by this one operator in 1951 amounted 
to about 40 times as much per month as was ever done by Project Cirrus 
It is hardly surprising, therefore, that the observed periodicities should be 
sporadic. 


Analysis of the Periodicities During the Eight Nonseeding Cycles 


The raw data for the correlation coefficient r = CC(28), and the phases 
@ are given in Table 12-III. The data for Cycles 2 to 6 have been given in Table 
7-XII. The corresponding values of 10*r* are in Table 12-IV, together with 
a variance analysis according to rows and columns. The sums R for the separate 
subdivisions do not differ significantly from one to the other, the F-ratio 
being 1.01. The columns show a very moderate significance variation with 
a significance factor of SF = 30. However, if we break this deviance due to 
the columns to consider just the part of the deviance due to Cycle 27, we find 
that there is a variance ratio of 10.6 with SF = 630. That is, Cycle 27 shows 
a higher average value of r*, and this has a moderate significance; but taking 
all the columns together we can attach very little significance to this variation. 
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Taste 12-III 


Rainfall 7-Day Periodicities and Phases for 15 Subdivisions 
during the 7 Nonseeding Cycles 


Correlation Coefficients r = CC(28)r 
24 | 25 | 26 | 27 











Sub- 

division 1 | 3 
A 0.278 | 0.053 | 0.30 
B 0.210 | 0.24 | 0.16 
c 0.285 | 0.268 | 0.44 
D 0.295 | 0.412 | 0.25 
E 0.187 |0.17 | 0.16 
F 0.254 | 0.33 | 0,25 
G 0.347 | 0.33 | 0.19 
H — {0.053 | 0.24 
I — |0.414 | 0.24 
J — |0.134 | 0.48 
K 0.305 | 0.31 | 0.21 
M_ | 0.046 |0.26 | 0.13 
N 0.107 | 0.27 | 0.18 
fe) 0.127) — _- 
P = _ — 
A 6.00 | 1.63 | 2.70 
B 6.81 | 2.28 | 1.70 
c 0.33 | 1.31 | 4.91 
D 0.13 | 4.74 | 6.50 
E 5.63 | 1.15 | 2.38 
F 4.32 | 2.44 | 3.56 

-G 2.19 | 1.40 | 4.60 
H — | 055) 2.82 
I — | 3.81] 2.26 
J — | 413 | 0.13 
K 5.64 | 2.16 | 1.90 
M 4.96 | 4.67 | 5.7 
N 6.23 | 5.36 | 2.2 
ce) 4.67 | — —_ 
Pp = — 








0.202 
0.18 
0.04 
0.11 
0.27 
0.38 
0.28 
0.08 
0.32 
0.26 
0.38 
0.36 
0.34 
0.15 


5.65 
0.47 
0.92 
0.21 
2.07 
1.36 
1.46 
41 

5.61 
6.38 
2.64 
4.4 

3.55 
5.52 





0.33 





Phases ¢ in Days 





0.47 
0.35 
0.39 
0.45 
0.31 
0.22 
0.11 
0.38 
0.31 


0.41 
0.16 
0.45 
0.19 





2.38 
2.31 
4.02 
3.88 
3.00 
2.18 
2.18 
2.70 
2.82 
0.46 
6.71 
0.19 
0.04 
0.13 





0.18 
0.30 
0.06 
0.29 
0.20 
0.52 
0.42 
0.16 
0.37 
0.41 
0.20 
0.47 
0.40 
0.68 
0.58 


0.14 
2.38 
4.19 
5.35 
3.36 
2.46 
3.10 
0.60 
6.90 
0.01 
2.28 
4.00 
5.53 
1.31 
1.48 





28 | 29 


0.387 
0.161 
0.386 
0.257 
0.450 
0.149 
0.216 
0.135 
0.520 
0.206 
0.236 
0.300 
0.382 
0.441 
0.063 


3.15 
5.72 
3.86 
4.44 
4.15 
4.55 
2.49 
2.98 
3.62 
5.37 
3.12 
2.59 
6.26 
6.07 
3.29 





0.17 
0.21 
0.21 
0.28 
0.22 
0.36 
0.30 
0.18 
0.38 
0.45 
0.36 
0.20 
0.28 
0.27 


6.25 
2.24 
5.85 
0.74 
1.04 
0.85 
0.07 
0.60 
0.27 
1.71 
0.65 
4.90 
3.51 
5.02 





* 439 


It seems, therefore, that this ‘‘population” of variates during the eight 
nonseeding cycles is rather homogeneous. Hence, we may properly make an 
analysis of the distribution function just as we did for the nonseeding data 
of Cycles —1, 0, and 1 for the 700-mb temperatures, as analyzed in Table 
10-V. An analysis of this kind for the rainfall data is made in Table 12-V. 
It is found that the average value of r? is M = 0.0920, which gives m = 9.87. 
To find B, we must now divide m by 11.0 and not by 12, because we are here 
dealing with values of CC(28), and not with uncorrected values such as we 
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had for the temperature data that is analyzed in Table 10-V. Therefore, we 
find that corresponding to this value of M, B = 0.897, which is practically 
identical with the value that we found for the average of the four cycles for 
the upper air temperatures in Table 10-V. 
























































Tasie 12-IV 
7-Day Rainfall Periodicities in the Eight Nonseeding 
Cycles 
Values of 10** 
r= CC(28)r 
Sub- | Cycles | 
divi- | Sum | N 
sion | 1 | 23| 24| 25] 26| 27) 28} 29 | 
| | 
a = ! 
A 77; 2] 90] 40/221 | 31,150] 29] 640] 8 
B | 44; 58| 26} 32] 122| 92; 26) 45] 445) 8 
c 81 73| 194) 2/152) 3. 149] 43| 697] 8 
D | 87| 168] 62] 12] 202} 87) 66, 77/1 761| 8 
E 35| 29] 26! 73| 96] 38! 202! 49] S48] 8 
F 65, 109| 62| 144] 48| 270; 22] 128] 848] 8 
G | 120} 109| 36; 78| 12/175; 47| 93| 670] 8 
H | —| 2] 58! 6/144] 24] 18! 31] 283] 7 
I | —]} 168] 58 | 109] 96] 137} 270; —]| 838] 6 
J —!| 17| 230] 68] 109] 168} 42 | 146] 780] 7 
K | 93| 96] 44| 144) 168] 39; 56/201] 841] 8 
M 2| 68 | 17} 109} 26| 219] 90| 38] S69! 8 
N | 11] 73] 32] 116 | 202] 158] 146 | 130} 868] 8 
oO | 16] —| —} 22] 36] 479| 194] 79] 826] 6 
P|! — — ~— ~' —/|347| 4] 75] 422] 3 
H ‘ i ' { \ 
Sum | 631 | 972 | 935 | 955 |1634 |2263 1482 |1164 | 10,036 
N | 11{ 13] 13 14 14| 15| 15| 14 109 
SS = 1,589,648 S*/N = 924,048 
D(r*) = 665,500 
Variance Analysis: 
Deviance | ! | F SF 
Dr’) 665,600 108 6162 
D(Rows) 80,085 14 5720 | 1.010] ca. 2 
D(Cols.) 92,537 7 | 13,219] 2.333} 30 
D(Res.) 492,978 87 | 5666 
Now consider Cycle 27 vs the other 7 Cycles: 
DO) 665,600 108 
D(Col. 27) 60,123 1 | 60,123 | 10.62 | 630 
D(Res.) 605,477 107 5659 | 1.00 
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Tasie 12-V 
Comparison of Observed and Calculated Distribution Function for 7-Day Rainfall 
Periodicity during the Eight Nonseeding Cycles 
M = 0.0920; m = 9.87; B = 0.897 
P= (1—r*)™ — 109 Observations 








n 0 0.1 0.2 0.3 0.4 0.5 0.6 
P 1.0 0.353 0.1100 ~=—-0.0295 (0.0064 = 0.0011 0.00012 
AP | 0.647 | 0.243) 0.0805) 0.0231 | 0.0053) 0.0010 | Sum 
109 AP 70.5 26.5 8.8 2.5 0.6 | 0.1 109 
Novs | 11 27 9 1 1 | 0 109 
Diff. | +05 +05 |+0.2 1.5 +04 |—0.1 S. D. 
; i = £0.77 
| | | | = +£0.70% 





From this value of M, substituting in Eq. (10-1), we calculate the values 
of P given in the second line, and from that then get AP. Since there were 
109 observations of r? listed in Table 12-IV, we calculate 109 AP as given 
in the fourth line of the table. 

The fifth line of Table 12-V gives N.,,, which is the number of observations 
shown in Table 12-IV that lie within the five different classes. The last line 
of the table gives the difference between the observed and the calculated number 
of values of r* within the five classes. The standard deviation S.D. is 0.77, 
which is only 0.70 per cent of the total number of observations. 

We have thus proved that the distribution functions for the eight nonseeding 
cycles for 15 subdivisions of the United States follow the Fisher distribution 
equation of Eq. (10-1), with 6 = 0.90. This should enable us, therefore, to 
determine with considerable certainty the significance factors associated with 
periodic rainfall. In our earlier chapters we have usually calculated SF arbitrarily, 
taking B equal to unity. Therefore, we now can see that the SF values should 
be raised to the 0.9 power. That is, the logarithm of SF values should be 
reduced 10 per cent. 

It would seem that the excellent agreement between these theoretical 
equations, which are based on random distribution of numbers, and the actual 
rainfall data is much more than fortuitous and indicates a really great simplifi- 
cation in our whole analysis of the periodicities determined in the way that 
we have followed. Only in cases of those factors such as skewness or persistence 
factors, which we studied in Chapter 6, might there be appreciable deviations 
from the theoretical distribution function modified by the use of 6 = 0.90. 


Raw Data on the Periodicities and Phases for Cycles 7 to 22 


Tables 12-VI and 12-VII give the raw data for these 16 seeding cycles from 
Cycles 7 to 22. These have not been analyzed in detail. It is very evident that 
these high values are limited by the effect of commercial seeding operations. 
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Tasie 12-VI 


Rainfall 7-Day Periodicities and Phases for 15 Subdivisions 
during Cycles 7 to 14 























Sub- Correlation Coefficients r ‘ 
division | 7 | 8 | 9 | 10 | 11 | 12 | 13 | 14 

A 0.21 | 0.27] 0.54 | 0.45 | 0.27] 0.26 | 0.48 | 0.10 
B 0.25 | 0.28 | 0.24 | 0.36 | 0.37] 0.05 | 0.23 | 0.19 
Cc 0.33 | 0.19 | 0.46] 0.40] 0.31 | 0.27} 0.52 | 0.07 
D 0.40 | 0.34] 0.64 | 0.02 | 0.40 | 0.35 | 0.13 | 0.26 
E 0.53 | 0.15 | 0.52} 0.38 | 0.07 | 0.40 | 0.397 9.22 
F 0.24 | 0.26 | 0.17] 0.43 | 0.22 | 0.34 | 0.28 | 9.33 
G 0.76 | 0.51 | 0.30] 0.10] 0.15 | 0.09 | 0.27 | 0.27 
H 0.49 | 0.41 | 0.49} 0.53 | 0.29 | 0.29 | 0.48 | 0.26 
I 0.24 | 0.15 | 0.14] 0.14] 0.35 | 0.53 | 0.49 | 0.22 
J 0.30 | 0.38 | 0.52 | 0.24] 0.38 | 0.15 | 0.38 | 0.16 
K 0.37 | 0.36 | 0.42 | 0.47] 0.45 | 0.24] 0.16 | 0.33 
M 0.28 | 0.39 | 0.33 | 0.27} 0.26 | 0.14 | 0.20 | 0.12 
N 0.39 | 0.42 | 0.64] 0.60 | 0.24 | 0.18 | 0.34 | 0.14 
fo) 0.38 | 0.10} 0.25] 0.13 | — | 0.41] 0.25 | 0.32 
P —|—|]—| — | — | 022] 0271] 0.16 

Phases @ in Days 

A 0.35 | 6.13 | 2.50| 2.26] 5.22] 2.70] 4.92] 6.27 
B 3.74 | 4.32 | 0.32] 1.94] 2.19] 3.50] 4.40] 5.00 
Cc 3.10 | 5.79 | 2.23 | 1.05 | 0.58} 5.90] 5.40] 6.35 

D 3.71 | 6.53 | 2.86 | 3.88] 1.44] 3.10] 4.70 | 6.80 
E 1.69 | 0.32 | 4.53 | 5.02 | 2.20] 3.80] 5.60] 6.76 

F 0.23 | 4.36] 5.54 | 6.66 | 3.34] 0.00] 4.50] 5.50 
G 0.96 | 1.99] 5.92 | 3.73 | 1.66 | 2.50] 6.00] 6.00 

H 6.14 | 1.62] 3.98] 5.00] 1.13] 1.39} 4.20] 2.90 
I 2.08 | 1.74 | 4.76 | 4.10] 3.35 | 2.30] 3.80] 3.10 
J 4.95 | 1.59] 1.54] 0.34] 6.86 | 5.60! 5.70 | 3.20 
K 3.03 | 3.44] 6.50] 1.19] 0.86 | 5.30] 0.89 | 3.70 
M 3.24 | 4.59 | 6.41 | 6.38] 6.55 | 2.21 | 3.90] 4.90 
N 2.28 | 4.38 | 6.90] 5.30 | 3.76 | 2.00] 2.80] 4.40 
fo) 1.01 | 5.81} 1.31] 5.37] — | 1.30] 2.10} 3.91 

P —/—|]— | — | — | 5.90] 2.10] 6.08 














We shall have occasion only to look into the phases of the periodicities during 
Cycles 15 to 22, where we changed the seeding schedules periodically from 
Monday to Friday. These changes in seeding schedules produced corresponding 
changes in the rainfall periodicities in the southeastern part of the United 
States during eight of the cycles from Cycles 15 to 22. This will be shown in 
Fig. 12-2. 
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Taste 12-VII 
Rainfall 7-Day Periodicities and Phases for 15 Subdivisions 
during Cycles 15 to 22 
Sub- Correlation Coefficients r Subd. 
divi- with 
sion | 15| 16 | 17 | 18 | 19 | 20 | 21 | 22 | r>052 








0.41 | 0.20 | 0.39 | 0.03 | 0.35 | 0.29 | 0.37 | 0.38 
0.22 | 0.40 | 0.46 | 0.48 | 0.12 | 0.16 | 0.16 | 0.44 
0.08 | 0.16 | 0.38 | 0.45 | 0.41 | 0.26 | 0.28 | 0.52 
0.38 | 0.15 | 0.13 | 0.43 | 0.32 | 0.24 | 0.18 | 0.48 
0.40 | 0.25 | 0.28 | 0.41 | 0.33 | 0.20 | 0.34 | 0.24 
0.40 | 0.18 | 0.30 | 0.35 | 0.30 | 0.20 | 0.15 | 0.30 
0.55 | 0.11 | 0.39 | 0.37 | 0.16 | 0.31 | 0.20 | 0.57 
0.29 | 0.25 | — | 0.66 | 0.38 | 0.16 | 0.63 | 0.25 
0.32 | 0.18 | 0.28 | 0.36 | 0.74 | 0.32 | 0.32 | 0.24 
0.53 | 0.23 | 0.25 | 0.24 | 0.51 | 0.37 | 0.72 | 0.64 
0.25 | 0.39 | 0.60 | 0.41 | 0.45 | 0.31 | 0.31 | 0.30 
0.24 | 0.33 | 0.21 | 0.07 | 0.53 | 0.46 | 0.39 | 0.34 
0.17 | 0.19 | 0.39 | 0.36 | 0.09 | 0.57 | 0.30 | 0.40 
0.29 | 0.14 | 0.52}0.12] —|041} —] — 
0.39 | 0.19 | 0.43 | 0.28 | 0.42 | 0.33] —| — 








CPOZZATM“TABVDAaHBOADYS 
connnlennn[oococoo 





Phases @ in Days 








3.90 | 0.04 | 0.98 | 3.67 | 6.57 | 4.05 | 1.13 | 1.28 
2.77 | 1.14 | 3.00 | 4.10 | 1.81 | 2.40 | 6.70 | 3.48 
6.90 | 6.80 | 3.50 | 5.21 | 1.80 | 2.20 | 5.67 | 3.63 
5.95 | 0.94 | 4.00 | 1.92 | 1.25 | 5.03 | 1.04 | 2.77 
3.63 | 2.36 | 3.10 | 1.38 | 6.18 | 4.69 | 5.83 | 0.55 
4.60 | 4.40 | 2.60 | 1.14 | 6.12 | 5.07 | 1.21 | 0.04 
3.20 | 2.40 | — | 0.90 | 5.30 | 3.10 | 6.48 | 6.83 
3.70 | 3.80 | 1.67 | 0.48 | 4.35 | 2.50 | 0.48 | 6.21 
2.40 | 0.98 | 1.57 | 6.02 | 4.75 | 2.52 | 4.17 | 2.65 
2.60 | 6.50 | 6.55 | 6.32 | 5.69 | 4.71 | 5.80 | 0.70 
1,90 | 5.60 | 1.30 | 0.70 | 4.30 | 1.50 | 4.10 | 1.42 
5.40 | 3.80 | 0.44 | 3.42 | 4.50 | 0.70 | 3.15 | 0.82 
4.10 | 3.50 | 5.88 | 2.57) —|]5.10) — 
3.14 | 1.50 | 1.20 | 3.10 | 3.40 | 6.23 | — 





CPOAZZAT"TABDaHAGCAWY 


| 
2.47 | 1.70 | 2.26 | 1.18 | 5.80 | 5.70 | 4.94 | 2.18 
U 








A Comparison of the 7-Day Rainfall Periodicities in the Five Cycles 2 to 
and in the Eight Nonseeding Cycles Listed in Tables 12-III and 12-IV 


Table 12-VIII contains a variance analysis to determine how significantly 
different the seeding cycles are from the nonseeding cycles. . 

Two different methods are used. In the first method, the two nonseeding 
Broups are compared with one another, and it is found that the varian ce 
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associated with the grouping has a variance ratio of 37.25 with a significance 
factor so high that extrapolation from the available tables is of rather uncertain 
accuracy, but it is of the order of 10’. By a similar analysis, obtaining the 
variance due to the columns, one finds that the columns do differ from one 


another in a significant way with SF = 10°. 


It should be noted that this analysis involves simply the magnitudes of 
the values of r in the seeding and in the nonseeding cycles. It does not consider 
the phases at all, so that the significance would be equally high even if the phases 


did not agree in Cycles 2 to 6. 


Taste 12-VIII 


Study of the 7-Day Rainfall Periodicities by Combining 
the Data for Eight Nonseeding Cycles with Five Seeding 
Cycles 


Sums of Columns in Tables 12-IV and 7-XII for all 15 Subdivisions 


Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver Iodide 
































a b c 
Nonseeding | Seeding All 13 
Cycles 1, 23-29 | Cycles 2-6 Cycles Combined 
S = 1003 |S = 14,095 S = 24,131 
N = 109 =| N = 733 | N = 184 
SS = 1,589,648 SS = 3,977,901 SS = 5,567,549 
S*/N= 924,048 S*/N = 2,648,920 S*/N = 3,164,701 
D(a) = 665,600 D(b) = 1,238,981 D(T) = 2,402,848 
. Two Groups a-b 13 Separate Columns 
a S/N 924,048 j SS(C) 3,938,624 
b S*/N 2,648,920 '  S*/N(C) 3,164,701 
Sum 3,572,968 | D(C) 773,923 
ec S/N 3,164,701 
D(a, b) 408,267 
Variance Analysis Considering a and b as Two Groups 
within ¢ 
| Deviance d. f. | Variance | _F | SF 
D(T) 2,402,848 183 13,130 1.20 
D(a, b) 408,267 1 408,267 37.25 10’ 
D(Res.) 1,994,581 182 10,958 1.00 
Taking All 13 Columns Separately (Cycles) 
Deviance af. | Variance| F | SF 
D(T) 2,402,848 183 
D(C) 773,923 12 64,493 6.77 10° 
1,628,925 171 9526 
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The Propagation of the Rainfall Phases over 15 Subdivisions of the United 
- States During Six Seeding Cycles 


Table 12-IX contains a summary of the phases: and the correlation for 
Cycles 2 to 6 and 9 for the 15 subdivisions of the United States. The raw data 
for Cycles 2 to 6 are given in Table 7-XII, where the phases are expressed in 
days. The raw data for the phases in days for Cycle 9 are in Table 12-XVI. 
The observed phase angles ¢,,, which are given in Table 12-IX have been 
expressed in degrees. For each cycle, each subdivision has four items arranged 
in a block as indicated at the upper left part of the table. Under ¢,,, is a quantity 
designated by @, which is defined by 


e=7/yY1—r = D,/D,. 


This is the variate that we have used in Method C, described in the third 
part of Table 7-III. For small values of 1, @ is practically equal to 7; and for 
large values that approach unity, @ is greater than r — but this takes into 
account in a proper way the much greater significance of the high values of r. 
The last column of Table 12-IX contains the mean value of ¢,,, and @ for cycles 
2 to 6. 

The purpose of gathering data together in this way in Table 12-IX is that 
we wish now to study the propagation of the phases across the United States, 
just as we did for the phases of the 700-mb temperatures as they propagated 
across the United States as shown in Table 11-V and Figure 11-2. The calculated 
values of @ in Table 12-IX were obtained for each cycle from a regression 
equation. These six different regression equations are given in Table 12-XI. 
The form of the equation is given at the top of the table in terms of coefficients 
$o, 4, and b, which are listed in the body of the table. These regression equations 
were obtained by getting the best fit with a linear equation of the form given. 

The calculated values ¢,,;, corresponding to the mean ¢,,, given in the 
last column of Table 12-IX are shown in the fourth column of Table 12-X 
and are calculated from a regression equation. The regression equation is 
given just below the body of the table, and the values of $y, the mean value 
of the phase, as given in Column 3 are the same as the values listed in the 
last column of Table 12-IX. The calculated values in Column 4 are those 
obtained from the regression equation. Column 5 shows the difference Ag 
between the observed and the calculated values. For the separate cycles, Cycles 
2 to 6, beac and Ag were given in each of the blocks of Table 12-IX. 

The mean phases given in the last column of Table 12-IX are the vector 
mean; that is, they are not simply the mean of the phases and the values of 9, 
but the five values of ¢ and @ from each of the cycles. For each subdivision 
they are plotted on polar coordinate paper and the center of gravity is determined. 
The mean values that are listed in the last column represent the location of 
the center of gravity. This takes into account in a proper way the fact that the 
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Taste 12-IX 


Phases of Rainfall over 15 Subdivisions of U.S.A. during 6 Seeding Cycles 
The observed phases from Table 7-XII have been expressed in degrees, and 26° (= 0.5 day) 
has been added to the phases in Cycles 4 and 5 to adjust for changes in the phase of the seeding. 
(See Table 12-I) 




































































































































® obs | Beale | | Bods 
@ As @ 
Cycle: H | M 
Subd. 5 | 3 4 | 9 | 3 ay 
A 62 68; 124] 135) 146] 132) 32 93} 128 143) 93 
0.50 —6| 0.58 | —11] 0.79 | +14) 0.27 —42| 0.64 | —15] 0.40 
B 74 69} 82 82] 178) 133) 222 94) «16 73) 99 
0.58 +5} 0.29 0} 0.58 | +45] 0.03 —9} 0.25 | —57] 0.39 
97| 172 | 150} 161 |+188) 128 152) 115 158) 136 
+22| 0.62 | —27| 0.36 +6) 0.52 | —43! 0.36 
148] 108 | 213) 179 178} 147 151; 145 
—61| 0.35 |—105} 0.29 +27 0.83 —4| 0.27 
188} 189 | 181) 118 145] 233 208) 147 
—34| 0.50 +8] 0.42 +11} 0.61 | +25) 0.36 
206] 174 | 159) 102 121] 233 234) 145 
—15| 0.44 | +15} 0.86 +13) 0.17 —1| 0.52 
a i ei fa | ce 
258} 215 172) 122 135} 304 | 300, 138 
—126} 0.46 | +43] 0.56 —4 0.31 +4) 0.37 
68) 205 216} 127 
—19] 0.56 | —11} 0.12 
47) 245 145) 63 
—7| 0.14 |+100) 0.42 
41 79 70; 72 
—26| 0.61 +9) 0.30 
38] —26 —2) 79 
+16} 0.46 | —24) 0.30 
—9| —30 | —15) 34 
.84 | +23] 0.35 | —15) 0.36 
—63} —5 | —68} —28 
+25) 0.12 —4! 0.83 | +63) 0.46 
—37|—114 —122] +67 |—130} —87 
—51} 0.40 +6} 0.26 |+197; 0.36 
—26 6 —100) — — | -54 
—11| 0.40 +9) — — | 0.26 





















o=r/ yi —r*. Soalo calculated from longitude and Jatitude of the subdivision by the regression 
equations in Table 12-XI. 
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phase angle has very little significance if the value of @ is very small, and it 
does away with ambiguities of 360 degrees that sometimes occur when phases 
are added as angles instead of as vectors. 

Table 12-X illustrates the way in which the progression of the phases is 
determined across the United States. In this case, a quantity S which is a function 
of the latitude and longitude of the stations x and y is determined, and then 


Tasige 12-X 
Analysis of the Progression of the Mean Phase of the Rainfall across the U.S.A. 
during Cycles 2 to 6 


1 2 
Subd. Ss 


3 
ou 


4 
Foato 


5 6 
Ae e 


7 
Dr 


8 
Du 


9 
Dg 























10 | 11 12 
Goato | 8.D. | Log SF 











A + 34 93 | 104 | —14 | 0.40 | 1.719 | 0.812 | 0.907 | 0.403 | 0.34 1.11 
B + 3.6 99 | 105 | — 6] 0.39 | 1.968 | 0.638 | 1.330 | 0.36 | 0.41 0.68 
Cc +13.3 136 | 152 | —16 | 0.36 | 1.147 | 0.623 | 0.524 | 0.354 | 0,26 1.37 
D +17.7 145 | 173 | —28 | 0.27 | 0.992 | 0.377 | 0.615 | 0.275 | 0.28 0.83 
E +131 147 | 151 | — 4 | 0.36 | 1.066 | 0.648 | 0.418 | 0.360 | 0.23 1.61 
F + 81 145 | 127 | +18 | 0.52 | 2.343 | 1.369 | 0.970 | 0.525 | 0.35 1,52 
G +10.5 138 | 138 0 | 0.37 | 1.435 | 0.689 | 0.748 | 0.370 | 0.31 1.14 
H — 08 127 84 | +43 | 0.12 | 0.768 | 0.057 | 0.711 |0.11 | 0.30 0.13 
I — 44 63 67 | — 4 | 0.42 | 1.499 | 0.867 | 0.632 | 0.417 | 0.28 1.51 
J — 5.4 72 62 | +10 | 0.30 | 0.859 | 0.456 | 0.403 | 0.302 | 0.22 1.32 
K — 58 79 60 | +19 | 0.30 | 1.522 | 0.425 | 1.097 | 0.292 | 0.37 0.57 
M —13.7 34 22 | +12 | 0.36 | 1.411 | 0.672 | 0.739 | 0.367 | 0.30 1.12 
N —22.8 | —28 | —21 | — 8 | 0.46 | 2.146 | 1.082 | 1.064 | 0.465 | 0.36 1.22 
oO —32.7 | —87 | —69 | —18 | 0.36 | 0.775 | 0.625 | 0.150 | 0.354 | 0.14 2.85 
P —29.1 | —54} —52 | — 2 | 0.26 | 0.785 | 0.347 | 0.438 | 0.264 | 0.23 1.02 

18.00 

log 25 = 4.52 

13.48 


S = (90—x)—0.31(y—40). 
Pcalo = 4.80 S+88, or 
calc = 88+4.80(90 —x)—1.49(y—40). 
Dr = Sum of values of g* for the 5 cycles. 
Dy = Dr—Dsg, @= Y Du/5. 
S.D. = yD;/8 - 
Significance Factor SF = [Dz/Dg)* for each subdivision. 
The correlation coefficient between $y and S or ¢aio is 0.973. A variance analysis gives: 


For Total Variance of ¢y4 
Deviance d.f. Variance F SF 


Total = 81,605 14 
Dy = (0.973Dz = 77,255 1 77,255 230.8 10!7 
Residue, Dg = 4350 13 334.6 


For the 0.5 per cent point (SF = 200), F is only 11.4. If we take 2 d.f. for R*Dr we make 
SF too small, but SF calculated is then 10'°-. 
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Circle has radius of unit stand. deviation. 
For the 15 means 





df. Var. F SF 

Dr = 1.961 29 _ _ = 
Dy = 1,734 2 0.867 103.2 1012.87 
Dg = 0.227 27 0.0084 S.D. = 0.092 

For all 75 observations 

d.f. Var. F SF 

So* = Dr = 20.43 149 — — — 
75 (0.34)* = Dy = 8.67 2 4.34 54.2 1017-6 

Dg = 11.76 147 0.800 = 


S.D. = 7 0.080 = 0.287 in 9, or 0,275 in r 


Fic. 12-1. Phase dial for the mean phase of rainfall during Cycles 2 to 6. Each point 
corresponds to one subdivision. 
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the observed values of the mean phases $y are plotted against S and the best 
regression equation determined. It is shown in the data below the table that 
the agreement between the observed and the calculated values of ¢ gave a cor- 
relation coefficient of 0.973, and a variance analysis shows that this has a variance 
ratio of 230.8 with SF = 10’. In other words, the mean phases of the rainfall 
progress across the country with a very great regularity. The correlation coef- 
ficients are extremely high, although not so high as those that we found in 
the 700-mb temperatures as illustrated in the left-hand side of Table 11-V. 
In that case, we found that the correlation coefficient between the observed 
and calculated phases was 0.9955. The higher values of the significance factors 
for the rainfall are due to the fact that there were 15 subdivisions for rainfall] 
but only 9 stations for the upper air temperatures. 

When Ag, the difference between observed and calculated values of the 
phases, are plotted.as vectors in Fig. 1, it is seen that the points form a cluster 
just as they did in the case of the temperatures in Fig. 2. 

The remarkable thing is that the periodicities in rainfall over the United 
States seem to affect the whole United States by displacing the point in the 
vector dial; that is, all the points lie on the same side of the central point. 
The significance of this clustering is very high, as is shown in the variance 
calculations for the 15 means that are indicated in the figure or for all 75 of 
the observations for the 5 cycles and 15 subdivisions. 

The fact that it is possible to get such good agreement for all 15 subdivisions 
and for 5 cycles when we use only a single regression equation to give the 
phase means that the phases during the whole five cycles seem to be definitely 
determined by the seeding schedule and that there were very few random 
elements over any part of the country. Table XI makes an analysis for each 
of the cycles separately. We have then six different regression equations; 
we calculate six different velocities of propagation and get various significance 
factors. The significance factors can be determined from the degree of fit of 
the regression equation and also from the phase dial. The degrees of freedom 
are lowered by using more information for the regression equation, but the 
total significance factor comes out to be 10*. In Table 12-XI, the upper part 
of the table gives correlation coefficients CC(N) reaching 0.980 in Cycle 6 and 
0.984 in Cycle 9. The significance factors amount to 10* in the case of Cycle 6. 

Table 12-XI also gives the velocity of propagation in miles per hour. In 
Cycle 2 in December, the velocity was about 38 miles per hour; in April it 
was 18.5 miles per hour, but the direction stayed nearly constant, although 
in Cycles 3 and 5 the angle 8 was about 40° to 50° higher. That is, the direction 
was more nearly from NW to SE. 

The second part of the table gives the analysis of the phase dial. Here the 
significance factors are even higher. The combined significance factors are 
extremely high because irregularities are great and the number of data are far 
higher than we need in order to prove the significance of the periodicities, 
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The significance factors are so high that it is proper to accept the Seeding 
Hypothesis and then to utilize the data, particularly in Table 12-XI, in order 
to get definite knowledge as to the mechanisms of these periodicities. For 
example, we should try to understand from the point of view of dynamic 
meteorology why the periodicities traveled at different velocities in different 
months, why the direction changed, and why the phases progressed with such 
extraordinary uniformity over the country for five consecutive months. The 















RAINFALL PHASE DIAL FOR 4 SUBDIVISIONS H,I, G, F 
(AREA 570,000 SQ MI.) IN THE SE PART OF US.A. 
DURING CYCLES 17, 18, 21, 22 (MONDAY SEEDING) AND 
CYCLES 15,19, 20 (FRIDAY SEEDING). CIRCLES FOR 





ARE FOR MONDAY SEEDING AND « FOR FRIDAY SEEDING 


Fie. 12-2. 
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Tape 12-XI 
Analysis of Rainfall Phases during Six Seeding Cycles, 
Using Separate Regression Equations 
Data from Table 12-VII 


Regression equations: ¢ = ¢,+4(90—x)+5(y—40) [degrees]. 
Phase velocity in statute miles/hour (at 40° latitude): 


V = 148/V 1.7048 +8. 


Direction of propagation B (clockwise from north): 
tan-!B = 1.305a/b. 


Cys [| 2 | 3 | 4] 5 | 6 | 9 











N of subd.| 12 13 11 12 15 10 
co 58.6 | 106.5 | 113.2 68.6 72.8 | 108.2 
a 2.92 4.51 5.63 | 4.14 5.95 5.27 
b 0.90 | -10.5 -1.75 | -1.28 | -1.85 | -13.59 
Vmi/hr | 37.8 24.5 25.4 26.8 18.5 11.2 
B 103.3 | 150.6 | 103 103 103 153 
CC(N) 0.876| 0.944] 0.864] 0.927) 0.980] 0.984 
log SF 2.85 5.31 2.37 3.83 8.41 5.28 
From Phase Dials: j ! | 

N 15 15 15 15 15 13 

om 0.375 | 0.338 | 0.30 0.398 | 0.640 | 0.413 
Dr 3.213 | 2.458 | 3.146 | 4.008 | 7.590 | 3.657 
Du ; 2.109 | 1.714 | 1.350 2.376 | 6.144 | 2.218 
Dg | 1.104 | 0.744 | 1.846 | 1.632 | 1.446 | 1.439 
af. 27 26 27 27 27 22 


Var. E 0.0408 | 0.0286| 0.0684) 0.0604} 0.0536} 0.0654 
S.D.(ing)| 0.202 | 0.169 | 0.260 | 0.246 | 0.232 | 0.256 
F 25.9 30.0 9.9 19.7 58.2 16.9 
log SF 6.28 6.76 3.21 5.26 9.80 4.44 























Sum of log SF = 35.8; subtract log 2= 1.8; 
leaving total SF = 10*. 


differences are real — the differences in phase between the different months 
are shown by the quantity ¢, in the upper part of the table — but they are not 
large enough to mask the general agreement, as is shown for example by finding 
that these values can be combined into the mean value as was done in Table 
12-X and Fig. 12-1 with still very high significance factors. 

The last figure, Fig. 12-2, is more self-explanatory. It shows that during 
the cycles in which the seeding was done on Monday the phases of the rainfall 
in Subdivisions H, I, G, and F come about 1.6 days earlier than they did 
when the seeding was on Tuesday, Wednesday, and Thursday, and when the 
seeding was done on Friday the rainfall phase comes about two days later. 
These data will be worked up for separate publication at a later date. The 
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fact that this shifting of phase in accordance with the seeding schedules is 
only observed in four of the 15 subdivisions is not surprising in view of the 
enormous amount of seeding by commercial operators that was going on at 
that time. 

In Table 10-V a study of the distribution function for the 700-mb tem- 
peratures was made, and it was found to be well represented by Eq. (10-1). 
In the present chapter, in Table 12-V, a similar study of the distribution 
function was made for the periodicity in the rainfall in the eight nonseeding 
cycles. In Table 12-XII a similar analysis has been made of the histogram 
that was given by Mr. Ferguson Hall in his article in the Transactions of the 
New York Academy of Sciences. This covers 50 years of records — altogether, 
six hundred 28-day cycles. The observed numbers of cases out of the 600 for 
different ranges of the values of r have been read from the histogram. Then, 
from the values that he gives, the value of M was determined and found to 
be 0.1405, which gives m = 6.12 and B = 0.490. The agreement with Eq. 
(10-1) is extraordinarily good. The differences between the observed and the 
calculated values have a standard deviation of only 7.2 out of 600 or 1.2 
per cent. 

It is very noteworthy that here we have a case where £8 is very much less 
than it is for either temperature or rainfall. This completely explains the diffi- 
culty that we have encountered in that Mr. Hall finds that, out of 600 cases, 
one case was observed over five months with a correlation CC(140) = 0.42, 
which is about the same as was found in the spring of 1950 as shown in Table 
8-IV where the significance factor is given as SF = 105. 

If, however, we use 6 = 0.49, we find that SF is about 550, which then 
makes it very reasonable that in 600 cases we should find a case as good as 
that in 1900. 

This shows that we must not regard # as being a universal constant for 
weather. It may well be different for pressure differences than it is for tem- 
peratures and rainfall. 


Sudden Unfit of 7-Day Periodicities in Weather Elements in December 1949 


We have seen in this chapter that the 7-day periodicity in rainfall and the 
periodicity in the upper air temperatures began quite sharply with the seeding 
schedules in December 1949. There are apparently many other things that 
also began at this time that are presumably related to the seeding schedule. 

Jerome Namias in an article in the Journal of Meteorology (8, 251, August 
1951) has an excellent article on the great Pacific anticyclone of 1949 to 1950: 
a case study in the evolution of climatic anomalies. He gives a detailed analysis 
of many remarkable features of the weather that started in December 1949 
and lasted for several months. A great anticyclone which started early in 
December moved in an abnormal course up through Bering Strait and northern 
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TaBLe 12-XII 


Distribution Function for CC(28) Values for Pressure 
Difference across Northern Gulf of Mexico 
Data are for 600 28-day cycles from histogram in Fig. 1 
of Ferguson Hall’s article 
M = 0.1405; m= 6.12; B = 0.490; P= (1—r5)m 
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Canada, reaching there by March 1950. Mr. Namias considers this as the basic 
fact. However, what caused the peculiar motion of this anticyclone was unde- 
termined. The seeding in New Mexico which produced heavy rain through 
the Ohio Basin may have caused vertical convection that caused a slowing 
down of the upper air and caused a blocking action. 
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The Namias Index: Monthly Differences in the Temperature Anomalies 
at Amarillo, Texas, and Concordia, Kansas 


On 2 January 1952, Mr. Namias told the writer that he had noted that 
beginning about December 1949 the difference between the temperature 
departures from normal at Amarillo, Texas, and Concordia, Kansas, had 
been positive for 24 consecutive months. Ordinarily, the difference between 
the temperature anomalies at two stations should be as often negative as positive. 
On this basis, therefore, one would expect that the probability of getting 24 
consecutive positive values would correspond to a significance factor of the 
order of 24, The writer, however, has obtained the values of the Namias Index 
from June 1949 through to October 1951. If one uses an F-test assuming that 
the normal mean value for the difference is 0, then one obtains, as is expected, 
extremely high significance factors of the order of 10’; but if we simply take 
the values from June 1949 to October 1951 and consider the six values before 
seeding occurred, one obtains the mean value of 1.0, whereas the mean value 
after December 1949 is 4.0. The significance of these two groups comes 
out to be SF = 200. This should be studied by going back many years before 
1949 to see whether the break at December 1949 is not of very much higher 
significance than in the limited data that the writer has considered. 

A positive value of the Namias index means that Concordia, Kansas, is 
north of the cold front for an unusually large proportion of the time, and that 
Amarillo is south of it. In other words, since 1949 there has been an unusua 
number of cold fronts that have remained between these two cities. This is 
probably associated with the storms that have caused such abnormally heavy 
rainfall above the dams in the region running across the central part of the 
country from the SW states towards the ENE. 

It should also be noted, as was pointed out in a recent article by R. A. 
Dightman and M.E. Beatty in the Monthly Weather Review (80, 77, May 1952), 
that glaciers in the national park started to advance for the first time in 40 
years during 1950 and that during the winter of 1949 to 1950 there was unusually 
heavy snowfall. Also, it has been noted that there was an article in the Saturday 
Evening Post some time ago about the extremely high levels of the Great 
Lakes, which began apparently in the early spring of 1950. Many of these 
effects may be continuing because the periodicity is not an important element 
in these changes in the weather pattern, so that in the study of such anomalies 
we may have indications of the effects produced by nonperiodic seeding. 


High Periodicities in Rainfall in Cycles 31 and 33, and in 
November 1952 


In these three cycles there have been unusually high values of rainfall 
periodicity. In Cycle 33 (May 1952) the amplitudes were quite comparable 
with those of April 1952. An article was published on this by H.F. Hawkins 
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Jr., entitled ‘‘The Weather and Circulation of May 1952, Including a Study 
of Some Recent Periodicities”, in the Monthly Weather Review (80, 82, May 
1952). In this article it was stated that this periodicity was observed particularly 
in the eastern part of the United States, and it was stated on page 86 that in 
the case of periodicity in precipitation there was little evidence from available 
data that the phenomenon could be traced west of the plains. Our own work 
shows that the periodicity was high over the whole United States, and it was 
even stronger over some of the western states than over part of the east. The 
periodicity in November 1952 has been so striking that it shows up by mere 
inspection of the rainfall data in the climatological reports, as we have seen 
it do for April 1950 in Table 7-XIV. 

For Cycles 31 and 33 a study has been made of the periodicities in the 
seeding schedules of various commercial operators. It is extraordinary that 
the periodicities starting in California and extending through many of the 
midwestern states have been extraordinarily high, with correlation coefficients 
CC(28) of 0.75. Therefore, it is not correct to say, as was stated by Mr. Hawkins: 

“*As far as could be determined, no comparable periodic seeding was 
currently under way; indeed, it seems likely that the use of silver iodide 
generators has become so common and uncontrolled that the effect of 
additional periodic seeding would be more difficult than ever to detect.” 

As to just why the seeding was done periodically is a problem in psycho- 
meteorology. A study of these effects is under way and will be reported at 
a later date. 


Summary and Conclusions 


The periodicities in rainfall and the propagation of the phases are just as 
striking and significant as those of the 700-mb temperatures that we studied 
in Chapters 9, 10, and 11. The periodicity started abruptly when the seeding 
started and it ended abruptly when the seeding stopped. It was masked at times 
by the effects of commercial seeding operations. 

‘These data deserve very much more study than they have had as yet. The 
writer has so far been largely concerned with proving the existence of the 
effect. It now becomes important to study the mechanism of the effect and to 
obtain an understanding of how it is that small amounts of silver iodide can 
produce such widespread effects. 
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General Summary and Conclusions 


Starting 6 December 1949 and continuing until 2 July 1951, a total of 82 
weeks, about 700 grams of silver iodide per week was dispersed as a smoke 
from one ground-based generator in New Mexico operating on a prearranged 
seeding schedule designed to introduce a 7-day periodicity into the rainfall 
over large areas. 

Chapters 4 to 12 are devoted to an analysis of the 7-day periodicities shown 
by the daily Weather Bureau data on rainfall, upper air temperatures, and 
pressures over the United States. The rainfall data were analyzed for 36 ‘‘cycles” 
of 28 days each. For the upper air temperatures, the analysis covered the whole 
northern hemisphere for twenty consecutive 28-day cycles starting 18 Sep- 
tember 1949. 

The cumulated evidence presented in these chapters constitutes a proof 
of the Seeding Hypothesis, according to which localized periodic seeding with 
only two pounds of silver iodide per week has produced profound periodic 
changes in weather at distances that extend many thousands of miles from the 
point of seeding. 

These weather modifications were not small nor were they difficult to detect. 
For example, over areas of more than one million square miles during the first 
140 days of periodic seeding the average rainfall on Mondays or Tuesdays 
was 3 to 10 times as much as on Saturdays or Sundays. 

The 7-day periodicity in upper air temperatures extends with large ampli- 
tudes throughout the whole troposphere, up to 40,000 feet altitude, and often 
covers many millions of square miles. 
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These periodic changes are of such extremely high statistical significance 
that to prove the existence of widespread effects of periodic seedings statistical 
methods are not needed; the effects are obvious by mere inspection. 

The onset of the periodic changes in rainfall, upper air temperatures, and 
pressures occurred suddenly within two weeks after the start of the periodic 
seedings and ended suddenly within two weeks after the periodic seedings 
stopped, 82 weeks later. 

Although after August 1950 periodicities of large magnitude often occurred, 
they tended to become somewhat sporadic in time and in location because 
of the masking effect of the rapidly increasing nonperiodic commercial seeding 
operations in the western states, which often amounted to from 50 to 100 
times as many generator hours as were used by Project Cirrus. 

The existence of widespread effects of seeding proves that it should be 
possible at low cost to modify and, within limits, to control the general synoptic 
weather patterns over whole continents. 

A perhaps more important conclusion is that weather is not definitely 
determinate. It depends in large part and essentially upon meteorological 
events that originate from small and upredictable beginnings, such as the 
location and concentration of freezing nuclei that may set off chain reactions. 

Therefore, it is now and in the future will continue to be inherently impossible 
to make exact forecasts of weather. It will be easier to make the weather than 
to forecast it. It should, however, be possible to increase the accuracy of esti- 
mates of probable weather for limited forecast periods. 

If seeding schedules are not well planned, floods or droughts may be 
produced. The harmful effects in both cases come from too long a continuation 
of rainy or dry weather. A simple remedy lies in planned diversification of 
seeding schedules, so that any given type of weather does not continue for 
more than a few weeks at a time. 

Although widespread modification of weather by seeding has been proved, 
its mechanism is not yet understood. The situation is much like that in the 
germ theory of disease. We know that diseases may frequently be produced 
by single bacteria, but we do not yet understand essential elements in the 
mechanisms such as the actions of toxins, antibodies, the nature of various 
types of immunity, etc. 

The upper air pressures and temperatures and especially the waves in the 
westerlies and the jet streams are known to be related to subsequent rainfall. 
The existence of widespread effects of seeding proves that rainfall is one of 
the most important factors that determines the subsequent upper air phenomena 
such as the waves in the westerlies and the location of the jet stream. 
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WIDESPREAD CONTROL OF WEATHER 
BY SILVER IODIDE SEEDING* 


Research Laboratory Report No. 55-RL-1263, July (1955). 


Foreword 


A Summary of Tests of the First Seeding Hypothesis 


A stupy was made of the 7-day rainfall periodicities, r = CC(28), for 37 
consecutive cycles of 28 days each at 126 Weather Bureau stations that report 
24-hour rainfalls for the daily weather maps and are distributed over 14 sub- 
divisions of the United States. The first cycle started 13 November 1949 and 
the last cycle ended on 13 August 1952, a total of 148 weeks or 1036 days 
(2.86 years). The number of station days involved was thus about 130,000. 

During this time, the periodicities measured by 10** did not show any 
consistent or significant variation among the 14 subdivisions, but the average 
values of each of the cycles showed very great variations, the variance being 
about 8 times as great as for the subdivisions, The statistical significance of 
the great variation between the cycles was extremely high, SF = 10™. 

Silver iodide seeding with a 7-day periodicity was being carried out during 
23 of these 37 cycles. 

_ The high variance of r* values between cycles was observed, however, 
during only 17 out of the 23 cycles that had periodic seeding, while during 
the other 20 cycles out of the 37, variations between the cycles were insignificant 
(the significance factor was only 6 as compared with 10™ for the 37 cycles taken 
as a whole). The 17 seeding cycles that showed the large variance during the 
periodic seeding gave an average value of 10*7* = 171 for 232 observations 
of r3, while for the 14 cycles without periodic seeding, the average was 9% for 
272 observations. 

Not one of the 14 cycles, during which there was no periodic seeding, showed 
any significant variation of r* values between cycles. 

These results indicate that, when there is no periodic seeding, the distribution 
of r® values is rather homogeneous, not being significantly dependent on the 
location of the subdivision nor on the time (cycles). 

* A part of this report is a revision of an earlier report entitled ‘The Evaluation of Past and 
Future Experiments on Widespread Control of Weather” that was submitted to (and accepted 
by) the President’s Advisory Committee on Weather Control, September 1954. 
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Periodic seeding in about one-quarter of the cases had no appreciable 
effect, perhaps because of the disturbing effect of commercial seeding opera- 
tions, but in three-fourths of the cases it produced very high periodicities 
over large parts of the United States (sometimes over all of it). 


Introduction 


The experiments that have been made thus far on weather control may 
be divided roughly into three classes. They are: 


1. Local Effects 


These result from experiments made for the purpose of modifying particular 
clouds, For example, the seeding of supercooled stratus can clear away the 
clouds within a few miles of the point or the line of the seeding. This was 
demonstrated in the early experiments in Project Cirrus and illustrated by 
many photographs in some of the early reports (see 1951 Final Report, Project 
Cirrus, GE Research Lab. Rept. No. RL-566, pages 232 to 258). 

Then there are experiments to study the effects of seeding cumulus clouds 
with dry ice of silver iodide for producing rain from particular clouds or groups 
of clouds. The work of the Cloud Physics Project in Puerto Rico, as shown 
to the Advisory Committee in February 1954, had the object of testing whether 
rain was produced by seeding particular growing trade-wind cumulus clouds 
off the coast of Puerto Rico by using 400 gallons of water. 

Much of the scientific work on the evaluation of the effects of seeding has 
been based on experiments designed to modify particular cumulus clouds. 
The reality of such effects has often been demonstrated for the case of the 
seeding of supercooled clouds by dry ice or silver iodide. 


2. Statewide Effects 


In nearly all commercial cloud-seeding operations the aim has been to increase 
the rainfall over areas that range from a few thousand to tens of thousands 
of square miles, such as the area of a state. Much seeding has been done in 
Oregon, Washington, New Mexico, and Arizona to get increased rainfall 
over large parts of these states. Sometimes it is desired to increase the flow in 
particular rivers or to get rainfall for crops within definite areas. In other 
cases, the objective has been to prevent damage by hail. The prevention of 
unusually heavy rains in some parts of the State of Washington has been 
attempted when the wheat growers wanted more rain and the cherry growers 
wanted less rain during certain months of the early summer. 


3. Widespread Effects 


Some preliminary experiments were made by Project Cirrus on 14 October 
1948 and on 21 July 1949. In these experiments, silver iodide smoke was released 
in the air near Albuquerque, New Mexico. In each case, within 18 hours very 
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heavy rains spread gradually from near the point of seeding giving about 0.3 
to 0.6 inch of rain over 50,000 square miles or more. Later these experiments 
were repeated every week for 82 weeks from 6 December 1949 to July 1951. 

The evaluation of the results of these periodic seedings is the main object 
of Final Report, Part II, Project Cirrus, issued in May 1953 (GE Research 
Lab. Rept. No. RL-785), which contains 340 pages arranged in twelve chapters’. 

The seedings were carried out by releasing about 700 grams of silver iodide 
per week as a smoke from one ground-based generator at Socorro, New Mexico. 
The generator was operated for eight hours on Tuesdays, Wednesdays, and 
Thursdays. This prearranged schedule was designed to introduce a 7-day 
periodicity in the rainfall over large areas. 

The onset of the periodic changes in rainfall, upper air temperatures, and 
pressures occurred suddenly within less than two weeks after the start of periodic 
seedings and ended abruptly within two weeks after the last of these seedings, 
82 weeks after the seedings began. 

The amplitudes of these periodic weather modifications were not small 
nor were they difficult to detect. For example, over areas of more than one 
million square miles during the first 140 days of periodic seeding, the average 
rainfall on Mondays or Tuesdays was from 3 to 15 times greater than on 
Saturdays or Sundays. 

On 12 October 1950, a paper was presented at Schenectady before the 
National Academy of Sciences summarizing the observed periodicities in 
weather elements that were found during the first eight months of periodic 
seedings. An abstract of this paper was published in Science 112, 456 (1950), 
and is also given on page 334 to 335 of the 1953 Project Cirrus Report. The 
following is a summary: 

‘During the winter and the spring, periodic seedings in the Southwest 
apparently gave, 5 to 6 days later, heavy widespread rains over areas of 
more than 600,000 square miles extending ENE from the western boundaries 
of Louisiana, Arkansas, and Missouri. West of this line and south of Colorado, 
there was at this time unusually low rainfall. 

‘‘As summer approached, the areas showing rainfall having a high 
correlation with the periodic seeding gradually receded toward the point 
of seeding, so that in July the average rainfall in New Mexico greatly exceeded 
previous records. 

“During the winter in the Southwest there is insufficient moisture and 
convective activity for the silver iodide to be carried up into clouds where 
ice crystals can form. The prevailing winds, therefore, carry it over the 
Mississippi Valley where is meets moist air from the Gulf. The heat liberat- 


* Eprror’s Nots. — Final Report, Part II, Project Cirrus (G.E. Research Lab. Report 
No. RL-785) (May 1953) is reproduced in full in this volume (pp. 181-457) and all page 
numbers given refer to this volume. 


Google 


Widespread Control of Weather by Silver Iodide Seeding 461 


ed by the condensation in the showers that are set up over wide areas 
greatly exceeds the heat delivered by the sun. Cyclogenesis leads to the 
influx of moist Gulf air in the east, with northwest winds in the rear of 
the rain area. Thus, drought in the Southwest and heavy rain in the South- 
east may both have resulted from changes in the synoptic weather conditions 
that were induced by the seeding in the Southwest. During the summer, 
however, there is enough Gulf air in the Southwest to make the periodic 
seeding effective in giving rain in that region.” 

The 7-day periodicities in the upper air temperatures were found to extend 
with large amplitudes throughout the troposphere, up to 40,000 feet, and 
often covered many millions of square miles — sometimes as much as 5 to 7 
millions of square miles, extending from California westward to eastern Europe. 

These periodic weather changes are of such extremely high statistical signif- 
icance that statistical methods are hardly needed to prove the existence of 
widespread effects of periodic seedings; the effects are obvious by mere in- 
spection. However, the 1953 Project Cirrus Report contains many very thorough 
statistical evaluations of the significance factor corresponding to observed 
degrees of 7-day periodicities. 

The existence of such widespread effects of seeding proves that it should 
be possible at low cost to modify and, within limits, to control the general 
synoptic weather patterns over whole continents. This means that it should 
ultimately be possible to modify or control the rainfall over comparable areas. 

In the present report, I will consider particularly these widespread effects, 
rather than the local or statewide effects of seeding. I shall, however, make 
comparisons between local, statewide, and widespread effects. 

It has been demonstrated beyond question that silver iodide and dry ice 
seedings produce definite local effects on supercooled clouds. However, no 
rain can be produced in this way unless clouds are already present. 

This is also true of statewide effects. The results obtained by commercial 
seeding operations have sometimes been very striking and well demonstrated, 
but the seeding of cloudless skies within a state would not normally produce 
widespread rain within that state. The success of experiments aimed solely 
at statewide weather control is limited to cases in which there is already an 
adequate supply of moisture and a reasonable coverage of clouds within the 
area to be seeded. . 

One of the most important problems of weather control is to obtain rain 
at a time of drought. This problem cannot well be solved by getting merely 
local or statewide effects. The only possibility of relieving a widespread drought 
is to produce changes in the synoptic weather over areas involving many states 
— changes by which more moisture is brought to the area by winds from the 
Gulf of Mexico, the Atlantic or the Pacific. 

To obtain weather control under these conditions, it will therefore usually 
be necessary to combine the seeding techniques for statewide and for wide- 
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spread effects. In other words, two kinds of seeding should be made: one for 
obtaining widespread effects that bring moisture and clouds to the target area 
and the other for increasing the rain within a statewide area. 

During the first four months of periodic seeding in New Mexico, one of 
the effects of the seedings was to produce a drought in the southwestern states 
at the same time that the seedings gave very heavy rainfalls over a million 
square miles centering in the Ohio Valley. 

From May until July 1951, there were floods in the Missouri Valley, mostly 
in Kansas and Nebraska. This was during the time when periodic seedings 
were being carried on. These rainfalls had an exceptionally high 7-day perio- 
dicity. When the seeding stopped, the periodicity in the rainfall stopped ab- 
ruptly and there was an end to the heavy rains. 

It is pointed out on page 457 of the 1953 Project Cirrus Report that “If 
seeding schedules are not well planned, floods and droughts may be produced. 
The harmful effects in both cases come from too long a continuation of rainy 
or dry weather. A simple remedy lies in planned diversification of seeding 
schedules, so that any given type of weather does not continue for more than 
a few weeks at a time.” 

The foregoing discussion, in very general terms, of the relations between 
local, statewide, and widespread effects has served as an introduction to the 
consideration of our main problem: Has the existence of widespread effects 
of seeding been sufficiently well demonstrated to justify us in adopting a seed- 
ing hypothesis which can help us to plan civilian and military applications 
of such possible widespread effects? 

In view of controversies that have arisen regarding the reality of the wide- 
spread effects, we must examine the quantitative evidence that has been pre- 
sented in the Project Cirrus reports of May 1, 1953. We should also consider 
briefly new evidence that has been gathered since that date. 


Periodicity of Weather Elements Induced by Periodic Seeding 


The Final Report for Project Cirrus, Part II, issued May 1, 1953, which 
we shall henceforth refer to as the 1953 Report, is far too long and too technical 
for consideration in its entirety in the present report. Although there is a 5-page 
table of contents, the report suffers from lack of any subject index. 

I propose in the present section of this report to a give a nontechnical sum- 
mary of the most important parts of the 1953 Report that bear on the wide- 
spread effects of periodic seedings. By the insertion of short indented paragraphs 
in this summary, I shall give page references and a few somewhat more technical 
details that will serve as a convenient subject index for the 1953 Report to facili- 
tate any more thorough evaluation that may be desired. These insertions can 
be disregarded in the first reading of this report. 

The table of contents in the 1953 Report gives the main subject of each 
chapter and lists the subheadings. Chapters 1, 2, and 3 give the basic physical 
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facts that underlie weather modification and describe experiments on the seeding 
of stratus clouds and individual cumulus clouds. Chapters 4 to 7 deal with 
the periodicities in rainfall during Cycles 2 to 6, showing the results of the 
first 140 days of periodic seeding in New Mexico. 

The periodicities in rainfall were first discovered in a group of 20 stations, 
called Group A, that represented an area of about 350,000 square miles. These 
stations are listed on page 218 of the 1953 Report and are shown on a map on 
page 302. This map is reproduced as Fig. 1, page 471 of the present report. 

At the end of each of the chapters in the 1953 Report (except Chapter 6) there 
is a brief summary that also gives the main conclusions. It is advisable in 
reading the report to glance over these summaries first before reading the 
chapters. 

A large fraction of the days at any station have no rain at all, while a few 
days have relatively heavy rains. This distribution of rainfall among different 
days is called a skew distribution. This skewness introduces great difficulities 
in any theoretical evaluation of the significance of observed periodicities. 

Somewhat later, about August 1950, it was found that the other weather 
elements, such as pressures and upper air temperatures, showed 7-day perio- 
dicities that were often even greater than those found for rainfall. The dif- 
ficulties associated with skewness of the data were avoided when these quanti- 
ties were studied. 

Therefore, the later analyses of periodicities in Chapters 8 to 11 deal almost 
entirely with the periodicities in these other weather variables, such as upper 
air temperatures, pressures, and the heights of the tropopause, etc. 

The last chapter, Chapter 12, returns to a consideration of the periodicities 
of rainfall over the whole United States. This chapter is probably the most 
important in the 1953 Report, but the presentation has been very much con- 
densed because of a deadline to meet. Unfortunately, the last revision of this 
chapter was made too late to be included in the Final Report of Project Cirrus 
that was released May 1, 1953. Since there were many important changes 
made in the revision, a revised edition of Chapter 12 was issued separately 
on May 15, but it did not contain the figures and tables of the original Chapter 12 
which must be referred to while reading the revision. A second revision of 
Chapter 12 — including the figures and tables —is included in this report 
as Appendix B. 

The General Summary and Conclusions on pages 456 to 457 of the 1953 
Report was prepared at the same time as the revised Chapter 12. It serves 
as a summary of all the work of Chapters 4 to 12. Many of the paragraphs 
in this summary have already been quoted in the present report. 

A short paper of five pages entitled ‘‘Cloud Seeding by Means of Dry 
Ice, Silver Iodide, and Sodium Chloride” was published in the Transactions 
of the N.Y. Academy of Sciences 14, 40, (1951). This contains a concise summary 
of widespread effects of silver iodide seeding beginning on page 41. 


Google 


464 Widespread Control of Weather by Silver Iodide Seeding 


Included also in the present report is an appendix (Appendix C) entitled 
“‘The Relation Between 7-Day Periodicities in Silver Iodide Seeding and 
7-Day Periodicity Rainfall and in Temperature.” This was prepared in De- 
cember 1953, but it has not yet been completed. Table C-I on page 546 is 
an extension of Table 12-I on page 435 of the 1953 Report, and gives rainfall 
periodicities over the whole United States for 38 cycles of four weeks each, 
ending on 9 November 1952, whereas the corresponding table in the 1953 
Report ends with Cycle 29, which began on 6 January 1952. This table gives 
evidences of 7-day periodicities in Cycles-31 and 33, which we shall discuss 
in a later section. The description of the early Project Cirrus work on periodic 
seeding given in Appendix C is more readable and less technical than that 
in the 1953 Report. 

At the start of the periodic seeding there was a reasonable expectation 
(pages 230 and 233 of the 1953 Report) that ‘‘there would be a two-way inter- 
action between the periodic rainfall induced by seeding and the synoptic 
weather conditions. These must thus acquire a periodicity which, in turn, 
under favorable conditions would react back on the rainfall... These studies 
of the periodicity observed in the rainfall during Cycles 2, 3, and 4 supported 
the idea that all heavy rainfall interacts strongly with the synoptic weather, 
so that the rain is not merely the result of the synoptic conditions but is also 
the cause of simultaneous and subsequent synoptic situations.” 


Qualitative Evidence of High Periodicities in Rainfall 


The sudden onset of periodic heavy rains in Group A stations has been 
described on pages 548 and 549 in Appendix C and on pages 218 to 221 of the 
1953 Report. Not only was there a sixfold increase in the average rain for the 
9 weeks after the start of seeding, as compared with the preceding 5 weeks, 
but the periodicity became evident by the fact that the rain on Tuesdays for 
9 weeks averaged 0.297 whereas for Saturdays it was 0.080 inch. The Tuesday 
rains were thus 3.7 times greater than those on Saturday. 

These marked differences in the rainfalls on Tuesdays and Saturdays were 
evident at almost any set of stations in the northeastern part of the United 
States. This is illustrated by the data shown in Table I, which gives the rainfall 
on Tuesdays and Saturdays during the first 12 weeks of seeding at five cities 
in Group C stations in New York and Pennsylvania about 50 miles east of 
the Group A stations. This table is taken from page 224 of the 1953 Report. 
It is also given in abbreviated form as Table C-II in Appendix C, where it 
is discussed on page 549. 

The significance of these periodicities is apparent not only when we con- 
sider the amounts of rain on Tuesdays and Saturdays but also when we count 
the total number of rains of 0.10 inch or more which occurred on these days. 
Thus, at Buffalo, 9 out of 12 successive Tuesdays had rains over 0.1 inch 
but there was only one such rain on Saturday. In each of 10 weeks having 
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TABLE I 


Comparison of Rains on Tuesday and on Saturday 


For 12-week period, December 13, 1949 to March 4, 1950. Periods II, III, IV 
These data are typical of conditions over about 1,000,000 sq. miles 


















































Tueeda Buffalo Syracuse Wilkes Barre New York Philadelphia 
oe Tues. | Sat. | Tues. Sat. | Tues. | Sat. | Tues. | Sat. | Tues. | Sat. 
Dec. 13 | 0.11 _ 0.19 =) 0.75 — | 019 — | 0.38 — 
20 | 0.48 | 0.09 | 0.66 i a = = 
27} 0.06 | 0.01 014 5 — 0.02 — ! 0.22 _ 0.29 _— 
Jan. 3 | 0.60 | 0.08 | 0.08 | 0.14 | 0.14 _ 0.07 | 0.13 | 0.09 | 0.04 
10 | 0.67 _- 0.49 | 0.03 | 0.47 _- 0.41 0.02 | 0.11 0.05 
17 _ 0.01 _— 0.03 _— 0.01 0.01 | 0.01 0.06 | 0.02 
24 | 0.42 _ 0.51 —_ 0.14 0.04 0.35 0.10 0.01 0.08 
31 | 0.35 _- 0.34 _- 0.32 _ 0.37 —_ 0.65 _ 
Feb. 7 _ _ — _ _ — _ 0.01 _ — 
14 | 1.22 0.13 1.11 0.01 0.20 _- 1.06 _ 0.64 _- 
21) 0.21 — 0.09 | 0.11 | 0.06 _ 0.05 — _ — 
28 | 0.26 _ 0.12 _ _ _ 0.02 —_ 0.04 _ 
i) 1 
Total 4.38 | 0.32 | 3.73 0.32 | 2.10 | 0.05 2.75 | 0.27 | 2,27 0.19 
Ratio | 13.6 11.6 42, 10.2 12.0 
Number of 
rains 0.10 
or more 9:1 8:2 6:0 6:2 5:0 

















rains over 0.01 inch, the rains at Buffalo on Tuesdays were greater than those 
on Saturdays. If the data were randomly distributed between these two days, 
there would be an even chance that the rain on Tuesday would be greater 
than that on Saturday. The chance that this would happen for all 10 weeks 
is only one out of 2°, or approximately 1 in 1000. 


A variance analysis by the Fisher method has been made on pages 311 
to 313 of the 1953 Report from the data for the five cities. The significance 
factors SF range from 800 for Buffalo down to 110 for Philadelphia. 


Daily Rainfalls at Fort Wayne, Cincinnati, and Knoxville for the First 84 Days 
of Seeding 


In Appendix C, Table C-II, page 549, is given the average rainfall on 
successive days of the week for Cycles 2, 3, and 4 at three cities that were 
chosen from Group A stations because they lie roughly along a line across 
the direction of propagation of the successive waves of rainfall that move about 
700 miles per day from west to east. This line was about 1300 miles from 
Socorro, New Mexico, where the seeding was done. An examination of this 
table shows that the average rainfall on Tuesday, in hundredths of an inch 
per station, was 34.0, while on Saturday it was 2.7, the ratio being 12.6:1. 
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Rains averaging over 0.1 inch Senne on 11 of the 12 Tuesdays but on only 
one of the Saturdays. 


Since the daily average rainfalls in Table C-II have a marked 7-day 
periodicity, it should be possible to represent them approximately as a cosine 
curve with a phase chosen to get the best fit with the observed data. The 
equation in Table C-II, at the foot of the tabulated data, represents a ‘‘re- 
gression equation” which has been determined by the statistical methods 
described in Chapter 5 of the 1953 Report. The values calculated from 
this equation are given for each of the days of the week in the next to the 
last line of the table. The last line gives the difference between the observed 
and calculated values. The 21 tabulated values of the average daily rainfall 
for the seven days of the week in the three cycles show high correlations 
with the sine and with the cosine of the time, expressed in fractions of 
a week. The correlation coefficient CC(21), is 0.847. The square of this 
or 0.717 is the fraction of the variance that can be accounted for by the 
weekly periodicity. According to the Fisher method of evaluating the signif- 
icance of variance ratios, as shown on pages 254 to 259 of the 1953 Report, 
it can be calculated that the significance factor SF = 24,000. This means 
that if the 21 values listed in the table were shuffled and redistributed in 
the columns and rows of the table, one would, on the average, have to shuffle 
them 24,000 times before one would obtain a correlation coefficient as high 
as 0.847. However, this fails to recognize that normal weather, including 
rainfall, is not distributed exactly like random numbers. We see, however, 
in Chapter 6 of the 1953 Report, that the departures) from randomness 
cause only relatively small changes in the significance factors. 


Need for Quantitative Measures of Periodicity 

In the year 1848, Joseph Henry stated that the rainfall at Albany appeared 
to have a significant 7-day periodicity. He had noted frequently that if it rains 
on the first Sunday of a month, it tends to rain on the other Sundays of that 
month. 

We now know that any finite series of numbers arranged in random order 
will show periodicities of measurable magnitude, although these naturally 
have no statistical significance. For example, if we take 28 consecutive values 
of randomly arranged numbers, we can use the numbers to determine the 28 
coefficients of a Fournier series involving sine and cosine terms for 14 
harmonics. For randomly arranged numbers, these coefficients for the 14 har- 
monics will tend to equal one another. If the numbers are randomly arranged, 
the average correlation that they have with either the cosine or the sine of 
the time for any of the harmonics will be 0. But if we correlate these values 
with cos (6—@), choosing a phase to get the best fit, we will always have pos- 
itive correlations. We can thus conclude that there is a “‘real” periodicity 
only if the correlation coefficient exceeds certain predetermined values. 
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The Fisher theory of the analysis of variance ratios enables us to make 
such a computation exactly for the case of a series of randomly arranged 
numbers that have a Gaussian distribution. Since this is not strictly applicable 
to weather data, however, we must investigate the errors made by applying 
these Fisher theories to natural weather data. 


Chapter 6 of the 1953 Report on pages 263 to 278 investigates the effect 
of skewness, persistence, etc., on the evaluation of the significance of observed 
periodicities in rainfall. It turns out that the effect of skewness is in general 
not very important and can largely be eliminated by using some devices that 
were suggested by Fisher and Yates. The effect of the tendency of weather 
to persist from day to day is, however, very real, and it needs to be studied. 


The relative frequency of occurrence of given values of correlation coef- 
ficients for a set of 2 observations can be determined from Fisher’s theory 
of the variance ratios for the case of numbers arranged in random order. 
The equation, on page 388 of the 1953 Report, is 


P = (1-19)", (Eq. 10-1) 


Here P is defined as the probability that an observed value of the correlation 
coefficient shall exceed any preassigned value r. The value of m depends upon 
the number of observations, 2, and the number of degrees of freedom involved 
in the data. On page 389 of the report it is shown how m can be calculated. 
The tables in the 1953 Report, instead of tabulating values of the probability 
P, usually give the reciprocal of this, which we call the significance factor SF. 

It is found empirically from extensive studies of unseeded weather that 
the actual frequency of occurrence of different correlation coefficients r is 
not quite in accord with Eq. (10-1) but it conforms very satisfactorily with 
a modification of this equation of the form 


P = (1—r)" (Eq. 10-7) 
This equation is given on page 389 of the 1953 Report. 


It is shown also on page 389 of the 1953 Report that, if the data agree 

with Eq. (10-7), then the value m is given by 
m = (1—M)/M, (Eq. 10-4) 
where M is the mean value of r* for all the data. 

It has been found in the 1953 Report (on pages 394 to 397 and 438 to 441) 
that Eqs. (10-7) and (10-4) give a very satisfactory agreement with observed 
data of correlation coefficients for 7-day periodicities of rainfall and upper 
air temperatures during nonseeding cycles, if we take B equal to 0.9 instead 
of B = 1.0. However, it must be recognized that 8 depends upon the frequency, 
and therefore if we are looking for a periodicity of 10 days we could not 
assume that f would still be 0.9. It would presumably have a considerably 
smaller value. 
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The importance of this observed constancy of B for 7-day periodicities 
in rainfall and in upper air temperatures has proved to be of the utmost 
value in evaluating the significance of the correlation coefficients obtained 
during periodic seeding. The data for many years prior to seeding have been 
investigated to determine #. In nearly all cases where a high periodicity 
has been found from data during seeding, it has been compared with the 
data for prior nonseeding years. 

In Table C-II on page 549 in Appendix C the significance factor SF =24,000 
was calculated by taking 8 = 1.00 as for randomly distributed numbers. If, 
on the other hand, we take 8 = 0.90, we would find an actual significance 
factor of SF = 9000 instead of 24,000. This takes into account the fact that 
the weather of past years shows that the rainfall has not quite a random 
distribution. 

In the remaining parts of this report, therefore, we shall use as a measure 
of periodicity the correlation coefficients that have been determined by the 
methods that have been outlined. They may serve as a convenient measure 
for the relative magnitudes of periodicities even if the reader does not under- 
stand exactly how they have been calculated. 

The following table gives significance factors that correspond to various 
correlation coefficients, r, based upon 28 observations in any of the 4-week 
cycles that have been used to study 7-day periodicities. 


Tasie II 


Significance Factors SF Based on Eq. (10-7) with B = 0.90 
and m= 12.5 


r |10%| SF | r |10%%| SF 











1 | | 
0.25 | 62/ 2.1 '0.60 | 360 150 
0.30 | 90 | 2.9 |0.65 | 422 480 
0.35 | 122 | 4 |0.70 | 490 | 2000 
0.45 | 202 113 | 0.75 | 562 |1.1«10° 





0.50 | 250/25 /0.80| 640] 105 
|0.85 722 | 2x 10° 





The table also lists the quantity 1000 xr? or 10°78, which has been used in many 
tables in the 1953 Report (pages 315, 385, 387, 391, 398, and 440). 


Rainfall Periodicities during the First 140 Days of Periodic Seeding (Cycles 2 
to 6) 
Chapters 4 to 7 deal with the 7-day periodicities in rainfall at the Group 
A stations. At first, in Chapter 4, only qualitative aspects of the periodicities 
are considered, such as comparisons of the rains on Tuesdays and on Saturdays 
during the first 12 weeks of periodic seedings. 


Google 


Widespread Control of Weather by Silver Iodide Seeding 469° 


In Chapter 5, correlation coefficients are used to measure the 7-day perio- 
dicities of the rainfall at the Group A stations during five 28-day cycles for 
a total interval of 140 days. This periodicity started suddenly in December 
1949 and continued through Cycles 2, 3, and 4, as indicated by the data in 
Table I on page 465 of this report. The periodicities, however, persisted during 
Cycles 5 and 6 and reached a maximum significance in April 1950. The average 
day-by-day rainfalls at these Group A stations for each of these 140 days are 
given in the tables on pages 239-240 of the 1953 Report, while on pages 241-242 
there are corresponding data for the same stations two years previously, before 
there was any periodic seeding. 


These tables also contain calculations of the total deviances due to the 
columns, and to the rows which represent the weeks. These data are needed 
for statistical studies of the periodicities by means of the Fisher method of 
variance analysis. Chapter 5 also develops the methods of calculating correla- 
tion coefficients and significance factor by the Fisher method. 


An evaluation of the significance factors was made in Chapter 7 on page 
283 of the 1953 Report. Taking the data for all 140 days during which there 
was periodic seeding, one obtains a significance factor SF = 3500 (Column 6 
of the table), whereas for the two years previously, when there was no periodic 
seeding, SF = 1.9, which means that there is less than an even chance that 
a correlation coefficient as large as that observed would be obtained from 
random data. 

Not only were the periodic correlation coefficients very high during these 
five months of periodic seeding, but the phases of the rainfall — that is, the 
day of the week on which the rain reaches a maximum — were surprisingly 
constant. This is discussed on pages 285 to 288 of the 1953 Report. I wish 
to call attention to the fact, brought out in the paragraph on page 288, 
that Mr. Glenn Brier, of the Weather Bureau, after a study of 7-day perio- 
dicities of pressures extending over 50 years and upper air temperatures for 
15 years, stated in January 1951 that he had been unable to detect any signif- 
icant autocorrelations between the phases in successive 28-day cycles. Also, 
there was no tendency for the phases to occur on preferred days of the week, 
such as might conceivably result from the reduction in industrial activity 
(smoke, etc.) on Sundays. 

Chapter 5 is largely a comparative study of various methods of combining 
observations in successive 28-day cycles. Although various methods give 
results that differ in detail, the striking nature of the periodicity of rainfall 
is apparent from each of the methods that can be used. 

In one of these studies of the different methods of evaluation, in the table 
on page 303 of the 1953 Report it was noted that the periodicity at the Group 
A stations was much less significant in Cycle 5 than during any of the other 
cycles, and also that the phase for Cycle 5 differs by about 2 days from that 
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of the other cycles. On page 303 it was stated: ‘‘... about the time that this 
analysis of the data for Cycles 2 to 6 was made, we had begun to pay attention 
to the rainfall over wide areas of the country by dividing the United States 
into subdivisions in accordance with a map shown on page 302 of the report.” 
This map is presented here as Fig. 1. 

A general survey of the periodic correlation coefficients during Cycles 2 
to 6 showed that high values were by no means limited to Group A stations. 
In fact, during several cycles there was a band of high values running from 
Subdivision I through A to C, but in Cycle 5 the high values were located 
in Subdivisions I, F, E, and G, lying to the south of Subdivision A. 

Among these contiguous areas having high correlation coefficients, there 
was good agreement between the phases, especially if allowance was made 
for the progressive lag in phase from west to east. In Chapter 12, a detailed 
analysis is made of the distribution of correlation coefficients and phases for 
rainfall in the different subdivisions in the United States. 

The analysis on page 303 shows that if, in Cycle 5, we substitute the Group 
F data for those of Group A, the correlation coefficients for the 35 average 
values of the rainfall for the five successive cycles becomes 0.799, which cor- 
responds to a significance factor of SF = 2105, while without this sub- 
stitution we had r = 0.651 and SF = 750. The phase of rainfall in Subdi- 
vision F during Cycle 5 agrees well with the average of the phases for the other 
four cycles at the Group A stations. 

This demonstration that the highest rainfall periodicities are not always 
found in the Group A stations made us realize that there is no apparent reason 
why the periodicities in this particular group should be more significant than 
in other subdivisions. The distribution of rainfall periodicities over the whole 
United States was therefore studied, using the 16 subdivisions shown in the 
map of Fig. 1. 

The correlation coefficients, r, were therefore calculated during Cycles 
1 to 6 for 15 subdivisions in the United States. Subdivision L was omitted 
because in this area, which comprised New Mexico and the regions near the 
Texas and Oklahoma panhandles, there were usually too few rains for the 
calculation of periodic correlation coefficients. 

The two tables on page 312 of the 1953 Report give 86 values of r and the 
phases arranged in columns and rows. The columns correspond to the cycles 
and the rows to the 15 subdivisions. 

Since Eq. (10-1) on page 467 of this report shows that the significance factor 
depends on the value of r*, there are good reasons for analyzing the distribution 
of the correlation coefficients by using r* rather than r. A table of values of 
10°? for Cycles 1 to 6 for 13 subdivisions is on page 315 of the 1953 Report. 
The table on page 312 for 15 subdivisions shows that the periodicities for 
Subdivisions O and P (for the states of Washington, Oregon, and California) 
give such low values of periodicities of rainfall that they did not seem to be 
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significant. Therefore, these subdivisions were omitted from the table on 
page 315. 

Cycle 1, before the regular seeding schedule started, gave no significant 
periodicities anywhere in the United States. The average value of 107? for 
Cycle 1 in the first column of the table on page 315 is only 62. For Cycles 2, 
3, 4, and 5, the averages of the columns do not differ much from one another 
and the average for the four columns is 162, very much larger than 62, the 
average for Cycle 1. For Cycle 6 the average is 337, which is so large that it 
stands in a class by itself. A statistical analysis of the differences between these 
columns shows that the differences are far greater than would be expected 
from chance fluctuations. They thus appear to be extremely significant. 

An analysis of the data for Cycles 2, 3, 4, and 5 shows that the differences 
of these means from the average of 162 are not significant, but, if we include 
either Cycles 6 or 1, the average for the columns becomes extremely signif- 
icant. We can arrange the data for the columns in three groups. The first 
group contains Cycle 1, the second group contains Cycles 2, 3, 4, and 5, 
while the third has only Cycle 6. Then we have 2 degrees of freedom for 
the three groups and 12 degrees of freedom for the rows corresponding 
to the 13 subdivisions. The variance ratio comes out to be F = 18.2 for 
the ratio of the variance of the groups V, and the residual variance, V;. 
With the 72 degrees of freedom for the 75 observations, this gives a signif- 
icance factor SF = 2x 10°. 

The averages for the different rows do not show any outstanding dif- 
ferences. That is, the periodicities are not very significantly different in 
some subdivisions than they are in others. The periodicities are distributed 
in such a way that significant periodicities during Cycles 2 to 6 occur over 
the whole United States, except in the Pacific coastal region. The analysis 
shows that the variance ratio is less than unity or less than it would be for 
skuffled cata. There is thus an appreciable tendercy for the periodicities 
in the subdivisions to be more nearly alike than they would be if they were 
randomly distributed. The significance factor, however, is not large, only 
about 10 (see page 315 of the 1953 Report). 

These differences in the rainfall periodicities over different subdivisions of 
the United States, although not large, are moderately significant. In three 
subdivisions, A, F, and I, which include the central Mississippi Valley Basin, 
the Ohio River Basin, and parts of the states of Alabama, Georgia, and South 
Carolina, the periodicities were appreciably stronger and more persistent. 
The Cycles 2, 3, 4, and 5 do not differ much from one another in the frequency 
of occurrence of high periodicities, but in Cycle 6, where the full seeding sched- 
ule was restored after two months of reduced operation, shown in the table 
on page 217 of the 1953 Report the periodicities became outstandingly high. 

About the time that the evaluation of the significance of the rainfall perio- 
dicities over the whole United States had been made, as in Chapter 7, it was 
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decided, for reasons given on page 463 of this report, to study upper air 
temperatures, pressures, etc. 

By the time Chapter 12 was prepared, we had the data of rainfall periodicities 
for 29 cycles. Out of these 29 there were 8 — Cycles 1 and 23 to 29 — during 
which there was no periodic seeding. The data for the correlation coefficients 
are tabulated on page 439 of the 1953 Report and the corresponding values. 
of 10*r* on page 440, where also a statistical analysis is made of the significance 
of distributions of the data in rows and columns. 

The relative frequencies of occurrence of the values of the correlation 
coefficients among these 109 observations of periodicities during nonseeding 
cycles was shown on page 441. The results indicated that the distribution 
functions for these 8 nonseeding cycles for 15 subdivisions follow the Fisher 
distribution shown by Eq. (10-1), on page 467 of this report, with 6 = 0.90. 

The mean value of 10*r%, 92, is much less than any of the values in the 
table on page 315 for the Cycles 2 to 6. On pages 443 and 444 of the 1953 
Report, a comparison is made between the 7-day rainfall periodicities in the 
five cycles, 2 to 6, and in the eight nonseeding cycles, 1 and 23 to 29. The 
results of this analysis are summarized on page 523 in the revised Chapter 12, 
Appendix B. Two methods of analysis were used but both give extremely 
high significance factors in the order of 10? and 10%. ‘‘This analysis involves. 
only the magnitudes of the values of r in. the seeding and in the nonseeding 
cycles. It does not consider the phases, so that the significance would be equally 
high even if the phases in Cycles 2 to 6 did not agree.” The average of the 
109 values of 10** for the nonseeding cycles is 92, whereas for the 75 values. 
in the seeding cycles the average is 188. This ratio of more than 2 to 1 is so high 
that it cannot be regarded as being fortuituous; there must be a very definite 
cause and this fact lends support to the seeding hypothesis, which postulates. 
that it was the periodicity in the seeding in New Mexico that produced the 
periodicity in the rainfall during Cycles 2 to 6 over most of the United States. 


Qualitative Evidence of 7-Day Rainfall Periodicities from ‘‘Climatological 

Data” 

On page 164* of the 1953 Report, a photographic reproduction is given of 
pages of the ‘‘Climatological Data” for April 1950, giving the rainfall for all 
the observing stations in the states of Minnesota, Michigan, Arkansas, and 
Alabama. The figures giving rainfall are too small to read easily, but one can 
see at a glance that on certain days the rainfall at nearly all the stations in the 
state is either very high or very low. The periodicities stand out very strikingly. 
At the top of each of the four tables, large black spots have been drawn in to 
correspond to Tuesdays of each week. It is seen that the rain for each of these 
states centers very closely around Tuesdays. The effect is so striking that it 
provides very impressive evidence of the reality of these rainfall periodicities. _ 


* See Editor’s Note on pages 316 and 474. 
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It is obvious that the effects that cause the periodicities are not small effects. 
They do not need careful statistical analysis to prove that they are significant. 
However, on pages 316 to 322, statistical analyses are made of these data, and 
it is found that from any point of view they are highly significant. For South 
and North Minnesota, for example, where the distributions follow nearly 
a cosine curve, the significance factors are of the order of SF = 3000. In 
Alabama, on the other hand, nearly all the rain occurs on Tuesdays or Wednes- 
days, there being almost no rain on the other days of the week. This distribution 
does not accord well with the sine or cosine curve, so that the correlation 
coefficients are not abnormally high. However, if we deal with the significance 
of the rainfall on these 2 days compared with the other 5 days, we find an 
extremely high significance amounting to SF = 60,000. Because of the striking 
nature of the evidence given in this table, I have included it in this report as 
Table II*. 


Propagation of Periodic Rains as Waves Traveling Across the United States 


In Chapter 7, the phases of the rainfall were considered only in testing the 
constancy of the phases during the successive cycles, for this was important 
in dealing with the significance of the combined effects of several cycles. 

For reasons already given, the further consideration of rainfall was postponed 
until Chapter 12. In the meantime, in Chapters 8 to 11, where upper air tem- 
peratures and pressures were analyzed, it was necessary to take into account 
that the phases are not the same at widely separated places. There is evidence 
of a phase propagation of the upper air temperatures that were considered in 
detail in Chapter 11. The techniques developed for this analysis of phase 
propagation were then later adopted in the analysis of the phases of rainfall 
over the United States in Chapter 12. 

In Chapter 7, where we considered the periodicity of rainfall within a single 
subdivision, such as the Group A stations, knowledge of the phases of the 
rainfall was important only when we needed to combine the effects of several 
cycles. If the phases were the same in the different cycles, the resultant effects 
could be obtained by addition; otherwise, they had to be combined as vectors. 

When, however, in Chapter 12 we began to consider the 7-day rainfall 
periodicities over the whole United States, it was soon apparent that the phases 
at the different subdivisions showed propagation from west to east, so that 
the rain moved as a wave traveling across the United States. 

In the calculation of the correlation coefficient, r for the 7-day periodicity 
‘of the rainfall on 28 successive days in a cycle, one obtains two components 
of this coefficient, r, and r,, one for the cosine and the other for the sine of 
the time. These are then combined vectorially by taking the square root of 


*Epiror’s Norg. — Owing to production difficulties it has not been possible to reproduce 


‘this table in this volume, but it can be seen in the original G.E. Research Laboratory 
Report No. RL-785 (May 1953). 
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the sum of the squares of r, and 7, to get r. The ratio of r, to r, determines 
the phase, ¢, or the day of the week on which the rainfall tends to be a maxi- 
mum. These two quantities, r and ¢ are thus independent and are of equal 
importance in any evaluation of the significance of rainfall periodicities induced 
by seeding. 

A study of the propagation of the rainfall phases over the 15 subdivisions 
of the United States during six seeding cycles is given on pages 443 to 452 of 
the 1953 Report. : 

The table on page 446 gives a summary of the correlation coefficients and 
the phases for each of the subdivisions in each of the Cycles 2, 3, 4, 5, 6, and 
9. The last column gives the mean phase for Cycles 2 to 6 and the mean value 
of the correlation coefficients. 

The text on pages 443, to 449 is incomplete and should be replaced by the 
text on pages 523 to 535 in the revised edition of Chapter 12, Appendix B. 

The results of an analysis of the mean phases are given in the table on page 
447 of the 1953 Report. These results are of great importance. The horizontal 
lines.in the table correspond to the 15 different subdivisions. Column 3 gives 
¢y, which is the mean value of the phase for the five cycles 2 to 6 expressed 
in degrees; 360° corresponds to one week or one day corresponds to 51.4°. 
The mean value of the correlation coefficient, r, is listed in Column 6. 

The analysis on page 529, Appendix B, shows that the observed phases of 
the rainfall given in Column 3 agree excellently with values calculated from 
a linear equation: 


Poato = 88+-4.80(90 —x) —1.49(y —40) a 


In this equation, x is the west longitude of the center of gravity of the 
subdivision and y is the north latitude as given in Table 7-X on pages 309 
and 310 of the 1953 Report. 

A comparison of the observed and the calculated values of ¢ in Columns 
3 and 4 of the table on page 447 shows that the agreement is very good. Th? 
difference between the two values, in Column 5, as measured by their standard 
deviation, is 18°, which corresponds to 0.35 day or about 8 hours. This means 
that the above equation expresses the time of arrival of the maximum rainfall 
at the 15 subdivisions in the United States with an accuracy of about 8 hours. 
The correlation coefficient between the 15 calculated and 15 observed values 
of ¢ in Columns 3 and 4, CC(15) = 0.973. 

The variance analysis at the foot of the table on page 447 indicates that 

the F ratio is 231 and the significance factor is of the order 10’. 


This analysis shows the extraordinary regularity with which the phases 
of the rainfall propagate in a direction 103° (about ESE) with a velocity of 
23 miles per hour.. This calculation is entirely independent of the magnitudes 
of the correlation coefficients themselves. 
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Another method of analyzing these data is illustrated by the figure on page 
448 of the 1953 Report. Here the differences between the observed and the 
calculated phases are put into a phase diagram as an angular coordinate while 
the correlation coefficient is used as a radius vector. The 15 black points in 
the diagram, one for each of the subdivisions, form a group or cluster dis- 
tributed about the center of gravity at r = 0.34 with a standard deviation that 
corresponds to less than one-third of a day. A statistical analysis shows that, 
if the phases had a random distribution, there would be only one chance in 
104 that they could form such a closepacked cluster. 

Table 12-XI on page 451 gives a summary of similar analyses from the 
data for the 15 subdivisions in each of the separate cycles that are given in 
Table 12-IX on page 446. Here, instead of having one regression equation 
for the mean phase, we have six different regression equations, one for each 
of the six cycles corresponding to the columns of the table on page 446. 

We now see from the table on page 451 that there are small but distinct 
differences between the regression equations obtained from the different 
cycles. The correlation coefficients, CC(N), between the observed and cal- 
culated values of ¢, range from a low value of 0.864 in Cycle 4 up to 0.980 
in Cycle 6. The significance factors corresponding to these correlations, given 
in the last line of the upper part of the table, range from about 200 in Cycle 
4 up to 3x 10° for Cycle 6. 

The upper part of the table deals only with the phases, whereas the lower 
part deals with the phase dials which combine the effects of the phases with 
the magnitudes of the correlation coefficients. The significance factors in the 
last line are somewhat larger than they are for the correlations of the observed 
and the calculated phases. Since, in normal weather, according to a statement 
by Glenn Brier, there is no significant correlation between the phases of one 
month and another month, these phases for separate months should normally 
be independent. By combining them all together, one obtains an extraordinarily 
high significance factor, SF = 10%. 

I do not mean to place particular emphasis on such high significance factors 
as 10%. They merely indicate that we have many times more data than are 
needed to establish the significance of the 7-day periodicities as measured 
by the phases and the correlation coefficients. 

The directions of propagation of the phases for the rains in Cycles 3 and 9 
are distinctly further toward the south than in the other cycles that give the 
direction of about 103 degrees measured clockwise from the north. In Cycles 
3 and 9, better agreement was obtained with an angle of 150 degrees from 
the north. 

The velocities of propagation of the phases, expressed in statute miles per 
hour, are given in the fifth line in the upper half of the table. The velocity 
is highest in Cycle 2; decreases to about 25 miles per hour in Cycles 3, 4, and 
5; falls to 18.5 miles per hour in Cycle 6, and to only 11.2 miles per hour in 
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Cycle 9, which was in July. Thus, there was a progressive decrease in velocity 
between winter and summer. 

The second line in the upper part of the table on page 451 gives the phase 
¢o at the center of the coordinate system, which was taken to be at 90° west 
longitude and 40° north latitude, a point about 150 miles southwest of Chicago. 
The phases at this point show only little variation between cycles. The mean 
value of $, for Cycles 2 to 6 is 84° with a standard deviation of +24°. This 
deviation corresponds to 0.47 day or 11 hours time. This is a quantitative 
expression of the observation in Chapters 4 and 5 that the phases of the rainfall 
in Cycles 2 to 6 remained nearly constant for 140 days. 

Thus the large ratio for the rains between Tuesdays and Saturdays persisted 
in all 5 cycles. In July 1950 (Cycle 9) the phase was 108°, which is only 24° 
higher than the average for the other cycles. The phase ¢ = 108 corresponds 
to 2.1 days, which means Tuesday. Thus, in the central part of the United 
States the heavy Tuesday rains persisted from December to July, although 
in May and June (Cycle 7 and 8) there was a gap in the periodicities and in 
the constancy of the phases. 

In Cycle 7, according to the table on page 442, the only sabiviaibed i in 
the United States that showed highly significant values of correlation coefficients 
were Subdivisions E and G, and in both of these the phases showed maximum 
rains on Mondays and Tuesdays. In Cycle 8, however, all the correlation 
coefficients were so low that not much significance can be attached to the 
phases. On page 84, in the revised Chapter 12, Appendix B, it is explained 
that after May 1950 the periodicities became sporadic, presumably because 
of the large amount of commercial silver iodide seeding in the western states. 


7-Day Periodicities in Upper Air Temperatures over the United States 


During the summer of 1950, it was discovered that the periodic rains in 
Cycles 2 to 6 were associated with periodic movements of air into southern 
states from the Gulf of Mexico. This was demonstrated by a study of the 
day-by-day pressure differences between Jacksonville, Florida, and Corpus 
Christi, Texas. These data were analyzed on pages 331 to 334 of Chapter 
8 of the 1953 Report. 

Chapter 9, for which there is a good summary on pages 383 to 384 in the 
1953 Report, deals with two Project Cirrus reports prepared by Lt. Comdr. 
W. E. Hubert and H. J. Wells, AGC, U.S. Navy. These reports were entitled 
**Periodic Fluctuations in the Ohio Basin Moisture Balance during April 
1950” and ‘‘7-Day Periodicity in Upper Air Temperatures Induced by Localized 
Silver Iodide Seeding.” They found that over about half of the United States 
there was an extremely high periodicity in the upper air temperatures in April, 
July, and November 1950. In April these fluctuations in temperatures extended 
up to the tropopause, and the tropopause height itself varied in a regular way 
from 29,000 feet on Wednesdays to over 40,000 feet on Saturdays and Sundays. 
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The significance factor for the periodicity of the tropopause heights was about 
6x10, as shown by the analysis on page 373. 

The correlation coefficient for the 28 days, CC(28) = 0.861, was higher 
than for any other periodicity that we have so far found for a single 28-day 
cycle. This high value means that 78 per cent of the total variance of the tropo- 
pause heights over Chicago was accounted for by the 7-day periodicity. 

The very high magnitude of 7-day periodicity of the 700-mb temperatures 
over nearly the whole United States in Cycle 6 was studied in much more 
detail in the first part of Chapter 11 (page 416 to 427). This deals not only 
with the magnitude of the periodic correlation coefficients, r, but also analyzes 
the propagation of the phases. This chapter is relatively nontechnical and 
easy to read, and it is well summarized on page 431 of the 1953 Report. 

Five of the most interesting figures and tables in Chapter 11 have been 
inserted into the present report, on pages 478 to 482, as Figs. 2, 3, and 4 and 
Tables III and IV. They are nearly self-explanatory, but for more details 
the text of the 1953 Report can be consulted. 

The two tables on page 417 and 418 of the 1953 Report give, for each of 
28 consecutive days, the 700-mb temperatures at nine intersections of latitudes 

Tasre III 
700-mb Temperatures (°F) at Nine Grid Points. Harmonic Analysis of Cycle 
6—2 April to 29 April 1950 
Temperature deviance D(P) for each harmonic based on the data of Table I 
Har- 100°W | 90°W 80°W : 
Zs aes Rots Reale 
45°N |35°N| 40°N | 45en | SU 





Period 
(days) 





monic | — : i. 
MH |35°N: 40°N (45°Nj35°N| 40°N 
| i 





Avg. Temp °F | 35.2| 28.2 | 20.1 32.3 | 24.6 | 17.2 | 29.7; 22.1 | 14.1 | 223.5 





28 11 81 6 627 | 133; 124 95 | 538 638 | 111 | 2353 | 2387 
14 2 . 163 | 140 | 211 | 335 | 147 57 | 168 22 56 | 1299 | 1976 . 
9.33 3 (146 9| 340) 80} 102] 216 | 116| 329 57 | 1395 | 1536 
7.00 4 | 803 | 1902 (1718 | 494 | 2220 | 1934 | 748 | 1329 | 1272 |12,420| 1358 
5.60 5 | 14} 355 | 125 | 20 46 43) 30 23 47 | 703 | 1127 
4.67 6 | 53] 125, 52| 220 45 | 143 | 63 19 96 | 816] 933 
4.00 7 20 60 | 109 | 129 45 66 | 165 | 404 | 260 | 1258 | 774 
3.50 8 22 21 | 117 | 163 | 125 | 148| 23 96 | 236] 951] 612 


3.11 9 | 110 78 7/111 70 93 | 189 | 229] 303 | 1190] 532 
2.80 | 10 18! 84; 37) 85 22 95} 20 28 44| 433 | 440 
2.55 | 11 56 | 121} 16} 90 22 1 6 23 39 | 374| 366 
2.33 | 12 15 13} 13) 10 66 21 | 33 7 16 | 194| 303 
2.15 | 13 8 5 26 | 145 47 19 | 86 14 11 | 361} 248 
2.00 | 14 Oo; 1 4| 7 29 14 9 1 23 88 | 179 









































Sum 1509 | 2920 |3402 | 2022! 3110 | 2945 |2194 | 3162 | 2571 |23,835 12,771 
Sum, omit - | | 
ting 4th 706 | 1018 |1684 | 1528; 890 | 1011 |1446 | 1833 | 1299 |11,415 





logioR = 3.459—0.0814nq 
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that represent an area of about 1,600,000 square miles. The first table is for 
Cycle 6, during which there was periodic seeding, while the second table is 
for a comparable nonseeding interval, Cycle ‘‘6”, in April 1949, 8 months 
before periodic seeding started. 

The table on page 419 of the report shows what was happening over a still 
larger area of about 3,000,000 square miles during Cycles 4, 5, and 6, from 
February through to the end of April. This table also summarizes the data for 
the previous year, March and April 1949. The nine values that have been 
selected for detailed analysis form a kind of cluster of high values limited in 
space and time. 


°, 
7) 40°F 


CALCULATED PHASE? 9 g 
OF 7-DAY PERIOD 


ae Per. 
A mi LAAT 


30°F 
20°F 


RVG caa 56" eae ae 


20 


10°F 








or 





20 30 5 Le) 0» 


© ance ‘so APRIL ‘SO 
Fic. 2. Average daily 700-mb temperatures, March and April 1950, at nine inter- 
sections of 80°, 90°, and 100°W longitudes with 35°, 40°, and 45°N latitudes. 


Figure 2 (page 428 of the 1953 Report) shows the day-by-day average 
values of the temperature at these nine stations for the 56-day interval from 
5 March to 29 April 1950. The most marked periodicity began 22 March and 
lasted to 25 April, an interval of five weeks or 35 days. 

For these 35 days the correlation coefficient CC(35) = 0.869, with SF = 
6x10* A similar calculation for the same area in 1949 gave CC(35) = 0.187, 
with SF = 1.6. Thus, for the area as a whole, there was no significant perio- 
dicity in April 1949. 

Clusters of High Values of CC(28) 

The data shown in Fig. 3 (from page 422 of the 1953 Report) illustrate the 
clustering of the highly significant periodicities in the 700-mb temperatures 
during Cycle 6. At each of 17 intersections of latitudes and longitudes, the 
phases ¢ and the correlation coefficients, CC(28) = r, are given. At 15 points 
the correlations exceed 0.45, which corresponds to 10** = 200 or SF = 13. 

In Table 11-IV, on page 420 of the 1953 Report, it is shown that in Cycle 
6 the average value of 10*r* at these 15 points corresponds to SF = 1800. 
It was stated (page 421): ‘These high values are not scattered at random, 
but instead there is a compact well-defined area with a sharp boundary within 
which all values are high while all values outside this limit are low.” The 
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Tape IV 
700-mb Temperatures (°F) at Nine Grid Points. Harmonic Analysis of Nonseeding 
“Cycle” 6(3 April to 30 April 1959) 
Temperature deviance D(P) for each harmonic based on the data of Table 11-I 





Har- 100°W 90°W 80°W 
monic 
NH |35°N| 40°N 


Period 
(Days) 


Rots 


Sum 





Realo 
45°N| 35°N 40°N | 45°N 


Avg. Temp °F | 35.4 | 31.4 | 25.6 | 34.2 | 27.2| 22.1 | 32.8 | 24.1 | 17.9 | 250.7 
! 





40°N| 45°N | 35°N) 

















28 1 | 195 | 397 | 394] 149 | 216} 116 | 162 | 210 51 | 1890 | 2610 
14 2 | 199} 462 | 188 | 166 | 416 | 637 | 204 | 636 | 387 | 3295 | 2161 
9.33 3 | 112 48 | 257 5 | 214] 520] 88] 198 | 320 | 1762 | 1680 
7.00 4 | 200 17 | 84 37 | 23 48} 17] 162] 110] 698 | 1485 
5.60 5 | 314] 440 | 266 31] 66 74 | 63 19 21 | 1294 | 1232 
4.67 6 | 127 53 | 204 17| 24] 154] 40 4 51 | 674 | 1020 
4.00 7 | 129) 198 | 350 32 | 187 | 444 8] 242] 420] 2010] 847 
3.50 8 | 108) 113 | 24 10} 50 44 | 32 13 66 | 460| 669 
3.11 9 12 32 0 43) 34 10| 26 15 15 | 187] 582 


2.80 10 2 96 | 34 2 8 11 8 11 49 | 221] 481 
2.55 11 3 3| 14 26 | 100 | 163 | 146 | 235 47 | 737 | 400 
2.33 12 26 20 0 18 3 6} 15 8 1 97 | 332 
2.15 13 1 10 | 34 50] 10 86 | 13 18 36 | 258, 275 
2.00 14 73 29 | 23 21] 69] 109] 16 26 18 | 384; 196 























Sum 1591 | 1918 |1872 | 607 |1420 | 2422 | 838 | 1797 | 1592 |13,967 |13,970 
Sum, omit- 
ting 4th | 


1391 | 1901 {1788 570 |1397 | 2374 | 821 | 1635 | 1482 |13,269 





logy R = 3.498 —0.0814 ny 


regularity of the phase propagation within the cluster is illustrated graphically 
by Fig. 3, which is discussed in detail on pages 423 to 427 of the 1953 Report. 
One method of analyzing these data is by the phase dial of Fig. 4, which leads 
to SF = 3x10° for Cycle 6. 

Comparison of Periodicities in Rainfall and in Upper Air Temperatures 

In the revised edition of Chapter 12, Appendix B, pages 535 and 536, a com- 
parison is drawn between the periodicities of the 700-mb temperatures and 
those of the rainfall. This discussion was not contained in the original Chapter 
12 in the 1953 Report. 

Although the significance factors obtained from the study of the nine latitude 
and longitude intersections of Figs. 3 and 4 give significance factors of the 
order of 10° and even 10°, yet it is found in Chapter 12 that the significance 
of the rainfall periodicity is even greater. The reason for the higher significance 
is the more uniform distribution of the rainfall periodicity over the United 
States and its persistence in successive cycles. 
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These results strongly support the seeding hypothesis. Silver iodide, in 
producing widespread effects on the weather, must act by first modifying 
rainfall. This then releases the latent heat of condensation, which reacts on 
the synoptic weather to modify the temperatures, pressures, etc. Thus, one 
should expect and does find that the seeding schedules are more consistently 
related to rainfall than they are to 700-mb temperatures. 





Fic. 4. Phase dial for 700-mb temperatures during Cycles 6 (1950) 

and ‘‘6” (1949) at nine grid points, 80° to 100°W longitude and 35° 

to 45°N latitude. Angles are @—@caio and radii are r values for 
28 days (not corrected for weeks). 


An analysis of the 700-mb temperature data given by the Weather Bureau 
for the Northern Hemisphere and tabulated on page 398 of Chapter 10 of 
the 1953 Report showed that the 7-day periodicities and the phases in Cycles 
2 and 6 are definitely interrelated, while the intermediate Cycles 3, 4, and 5 
do not have comparable periodicities or regularities in phases propagations. 
There is a similarly close relationship, in periodicities and phases, between 
rainfalls in Cycles 2 and 6. 

The data in Columns 4, 7, and 8 of the table on page 435 of the 1953 Report, 
and in Columns 5, 6, and 7 of Table C-I in Appendix C, page 546 show, 
however, that in the interval between Cycles 2 and 6 there is no gap in the 
continuity of the periodicities, even when we consider areas as large as the 
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whole United States. We must conclude that a high periodicity in rainfall 
is not necessarily accompanied by an appreciable periodicity in upper air 
temperatures, although it frequently is. 

Only the seeding hypothesis is capable of reconciling this continuity of 
the rainfall periodicities with the apparently disconnected appearance of the 
temperature periodicities with identical phases in Cycles 2 and 6. 


Complete Harmonic Analysts of the 700-mb Temperatures during Cycles 6 and ‘‘6” 


The results discussed on pages 428 to 432 are perhaps the most important 
items in the 1953 Report. 

The day-by-day upperair temperatures at the nine grid points as given 
in the tables on pages 417 and 418 for Cycles 6 and ‘‘6” were subjected to 
a complete harmonic analysis, using the 28 observations in each of the cycles 
and at each grid point to determine 28 coefficients of the Fourier series for 
14 harmonics. The squares of the periodic deviances are given in the two 
tables on pages 429 and 430. These tables are given as Tables III and IV of 
the present report. 

The outstanding feature of Table III is the extraordinarily large magnitude 
of the periodic deviances corresponding to the fourth harmonic, which re- 
presents the 7-day periodicity. In each of the nine columns of the table, the 
deviance for n, = 4 is far higher than any of the other deviances. The average 
value for all nine stations is 14.7 times the average of the deviances of all the 
other values of harmonics and is 5 times as high as the highest deviance of 
any of the other harmonics. A similar examination of the data for the previous 
year when there was no periodic seeding (Table IV) shows that in that year 
the fourth harmonic is only 0.7 of the average of the other deviances, and this 
difference is not of statistical significance. 

If one considers the distribution of the 13 values of the deviances, omitting 
those for the fourth harmonie, one finds that the variation indicated by the 
equation at the foot of the table has a significance of the order of 10‘; but, 
after this is subtracted, there is no significance to the deviances associated 
with the differences between the observed and calculated values. 

However, if one now includes the fourth harmonic and makes a Fisher 
variance test to determine the significance of the fourth harmonic compared 
with all the others, one obtains F = 373, with 123 degrees of freedom. The 
significance factor associated with this is of the order of 10*. 

These results seem to constitute a conclusive verification of the seeding 
hypothesis. It is not reasonable to assume that such periodicities just happen 
of their own accord. As far as the writer knows, no other hypothesis than the 
periodicity of the silver iodide seeding has been suggested that is adequate 
to account for these outstanding 7-day periodicities. This work also shows 
that normal weather is not characterized by any significant predominant 
natural frequencies. The longer periods are more prominent than the shorter 
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ones, and there is a gradually decreasing value of the periodic deviance as we 
pass from longer to shorter periods throughout the whole power spectrum. 


Nonlinearity of the Effects of Seeding 


In arranging the seeding the seeding schedules, it was originally intended 
to seed on Tuesday, Wednesday, and Thursday of each week. However, the 
students of the School of Mines in Socorro failed to turn up for work during 
the Christmas holidays, so that the third week of seeding was missed. It was 
decided to make a practice of omitting the third week of seeding, and this was 
done for Cycles 2 and 3. However, as is described in Appendix C (pages 547 
and 548), because of the threat of floods in the Ohio River Basin during Cycle 
3, it was decided to reduce the amount of seeding in Cycles 4 and 5 by seeding 
only on Tuesdays and Wednesdays of alternate weeks. Once it became apparent 
that there was no longer any danger of floods, it was decided to return to the 
original seeding schedule. This was done in Cycle 6 by seeding each week 
on Tuesday, Wednesday, and Thursday but omitting the seeding on the 
third week. 

It was stated in the 1953 Report on pages 232 to 234 that the most unexpected 
results from the analysis of the data in Cycles 2, 3, and 4 were that heavy 
rains were also observed, about on schedule, even in weeks after the omission 
of a seeding. A subsequent examination of these data for Cycles 2 to 6 has 
indicated that there seems to be a real tendency for the rains in the weeks 
following no seeding to be distinctly higher than in the weeks of seeding. 
Out of the 16 weeks in Cycles 2, 3, 5, and 6, the five weeks following the omitted 
seeding gave rains that were about 40 per cent greater than during the other 
weeks, and a statistical analysis indicated that this result has some moderate 
significance factor, of about 10. 

Although this result was unexpected, it gives little reason for disregarding 
the highly significant weekly periodicity that has been observed. There are 
many mechanisms that may account for the effect: for example, heavy wide- 
spread rains of the order of those observed cannot occur unless the moisture 
has already been brought in by the wind. That means that seeding can hardly 
produce a large periodic rain unless the moisture carrying that rainfall moves 
in before the time when the silver iodide reaches the place where it has its 
greatest effect. 

The analysis of the moisture balance in Chapter 9 on page 348 shows that 
the maximum influx of moisture actually did precede the maximum rainfall 
intensity by about 27 hours. In order to maintain periodicity of this kind, 
it is necessary that the synoptic weather conditions should be such that the 
moisture flows to the place where it is going to be seeded before the effect 
of seeding makes itself felt. 

Thus, if seeding is omitted in one week, the moisture flows in and builds 
up a reserve, but under these conditions the fact that there is no silver iodide 
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does not prevent the formation of rain. One looks, therefore, upon the effect 
of the silver iodide rather as something that triggers off the rain sooner than 
it would otherwise occur. Thus, if a 7-day periodicity in rainfall has been 
initiated by weekly seedings, this periodicity and its phase may be maintained 
if single days of seeding or even alternate days of seeding are omitted. 

Such an effect is nonlinear — that is, two seedings do not give merely the 
sum of the effects that might be produced by the separate seedings. The first 
seeding modifies the synoptic weather in such a way that the second seeding, 
a few days later, has a different effect than if the preceding seeding had not 
been made. This is a typically nonlinear effect. I believe that nonlinearity is 
one of the basic characteristics of the atmosphere that is often overlooked. 


Spontaneous Occurrence of High 7-Day Periodicities in Rainfall and in Seeding 
during Cycles 31 and 33 


It was shown on page 473 of the present report, that during the eight 
nonseeding cycles, Cycles 1 and 23 to 29, for which data are given on page 440 
of the 1953 Report, there were no significant periodicities in rainfall. 

Later, however, after the 1953 Report was completed, there were two cycles, 
Cycles 31 and 33, that had highly periodic rains. These data are shown in 


Taste V 
Analysis of 7-Day Rainfall Periodicities in Cycles 
30 to 37 


Values of 10*r* 
r= CC(28)p by FYOS Method 


























Subdiv. | 30 | 31 | 32 | 33 | 34 | 35 | 36 | 37 
A 23| 367, S| 345! 69| 39] 84] 12 
B 70| 197} 116] 26| 181] 52] 299] 68 
c 63} 19 2| 527) 115] 78] 96| 6 
D si| 156] 34] 139] 33| 165| 144] 18 
E 100 | 294] 37] 349] 153] 130] 248] 1 
F 26 | 399] 102| 302| 83] 119| 228 | 106 
G 19| 155] 142] 91] 206] 28] 157 | 274 
H 18] 87] 15] — 63 | 85} 82] 185 
I 123} 112] 30] 314) — 61| 84 | 194 
J 21} 121] 134] ses} 33] 144] 51] 93 
K 194} 46] 219] — 6} 18] 69} 20 
M 14] 43] 219] 567} 10] 89] 205] 410 
N 23! 453| 432] 428] 34] 54] 131] 34 
{o) 155 | 302| 102] 462] 165| 325] 111] 0 
P 240| 201] 35] 398/ — | — | — j— 
Sum 1140 | 2952 | 1624 | 4533 | 1151 | 1387 | 1989 |1421 
N 15| 15] 15] 13] 13] 14] 14] 14 

Avg.(10°M)| 76 | 197| 108 | 349] 89} 99] 142 | 102 
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Table V which gives the values of 10%r* for the 15 subdivisions during Cycles 
30 to 37. Table C-I in Appendix C shows in Columns 5 and 6, for Cycle 31, 
that 5 of the 15 subdivisions have values of 10*r* that exceed 270, the average 
being 197. For Cycle 33, 10 of the 13 subdivisions have values above 270 and 
the average is 394. Thus, the widespread 7-day periodicity in Cycle 33 is even 


Taste VI 


A Comparison of the 7-Day Periodicities in Rainfall 
and in Seeding Schedules in Oregon During the 28-Day 
Cycle 33 Beginning 27 April 1952 
Section A: Rainfall Data in Oregon from Glenn Brier 





1952 | S | Mj T | W! Th ;} F | Sa. Sum 


















































Apr. 27| 5.0] 15.2| 3.8| 234/118] 1.3] 24] 629 
May 4/04! 1.0/ 5.8| 220] 35.6] 1.5] 04] 66.7 
May 11| 3.5; 2.2{ 108] 123) 3.5] 12] 01] 33.6 
May 18 | 0 61| 119] 45) O41] 0 2.3 | 24.9 
Sum 8.9 | 245 | 32.3 | 622! sio] 4.0] 5.2) 1881 
Section B: Generator Hours of Seeding 
Apr. 21) 35 | 34 14 68 0 0 5 156 
May 4 0} 21 | 48 | 51 | 53 o | 15 | 188 
May 11] 26| 16 | 66 : 0 0 0 | 132 
May 18| 0| 32 | 18 = o} of] of s2 
Sum | 61 | 103 | 146 | 14 o | 20 | 528 
Section C: 10X FYOS for Rainfall 
SF 
| ' i 
+3/4+411] 41/4164 7) —5| —1]4+32 CC(7) = 0.942 79 
—9| —7| +4)+13|+20) —4] —9 +8 CC(28) = 0.636 650 
0} —3/ +6)/+10, 0) —6 =19| —5 CC(28)p = 0.684 1040 
—18| +5} +8] +2/—12|—18] —2)—35 ¢ = 2.50days 
=24) +6!+191+41]+15!—33|—24! 0 
Section D 10X FYOS for Seeding 
a; ~- - SF 
+8! +7| 0 +420 —9| —9| —1]+16 cC(7) =0.951 114 
—9 43/410 +11)413] —9] 0419 CC(28) = 0.652 1050 
+5| +1]+16| +4 —9| —9| —9| -1 CC(28)_ = 0.688 1200 
—9 +6) +2 2; —9| —9| —9 —30 @¢ = 41.97 days 





—5/-+17'-+28 +33!—14]—36|—19| +4 





Correlation between rainfall and seeding (C:D) (assuming no phase difference) = +0. 751. 
If d, = 2 degrees of freedom, SF = 100,000. Thus, the rainfall agrees more closely with the 
seeding than either seeding or rainfall agrees with cosine curve. 
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greater than that in Cycle 6, where 9 out of 15 values exceeded 270 and the 
average was 305. 

The high rainfall periodicities in Cycle 33 in May 1952 were noted in an 
article by H. F. Hawkins, Jr., entitled ‘‘On the Weather and Circulation of 
May 1952; Including a Study of Some Recent Periodicities” in the Monthly 
Weather Review (80, 82, May 1952). A reference was made to this article in 
the revised Chapter 12 (Appendix B) page 539 and it was stated that for Cycles 
31 and 33 a study has been made of the periodicities in the seeding schedules 
of various commercial operators. 

During these two cycles, extraordinarily high periodicities characterized 
the silver iodide seedings in the Pacific Coast states and in many of the mid- 
West states. The daily generator hours of operation show periodic correlation 
coefficients CC(28) as high as 0.75. Table VI in the present report gives data 
on the rainfall and the seeding in Oregon during Cycle 33. It gives also the 
correlation between the hours of seeding and the hundredths of an inch of rain. 
Each of these 7-day periodicities of rainfall and of seeding lasted only 4 
to 5 weeks. 

Since then, I have made a detailed study of the seeding schedules for many 
months over several western states. I have found many examples of periodicities 
in seeding schedules and in rainfall, and in every case there is a high correlation 
between the seeding and the rainfall at that place. 

The periodicities in rainfall extend over much larger areas than the seeding 
and often reach the Atlantic Coast, although the seeding is only in the western 
states. According to Table VI, the phase of the maximum seeding, ¢ = 1.97, 
is 0.53 day ahead of the maximum rainfall ¢ = 2.50. 

Distribution of 7-Day Periodic Rains and their Phases during Cycle 40 and 
their Relation to Periodic Seedings 

Mr, Kiah Maynard, in May 1953, noted that the pages of rainfall data 
in the November 1952 issues of U.S. Climatological Data for Arizona, New 
Mexico, and Colorado showed striking examples of 7-day periodicities in rainfall 
like those found in April 1950, as illustrated on page 164 of the 1953 Report.* 

Maynard decided to make a systematic investigation of the distribution 
of these periodic rains during Cycle 40 from 9 November 1952 to 6 December _ 
1952. He divided the country into rectangular blocks defined by parallels 
of latitude, 2 degrees apart, from 31°N to 45°N and by meridians, 4 degrees 
apart, from 91°W to 119°W. The average area of each block was about 30,000 
square miles. Within each block, 5 stations were selected which gave reports 
of rainfall—one near the center and one in each of the quadrants. The average 
day-by-day rainfalls at the 5 stations were used to calculate the periodic cor- 
relation coefficients CC(26) (by the FYOS method; see page 280 of the 1953 
Report). 


* See Editor’s Note on pages 316 and 474. 
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Out of 34 blocks, representing over a million square miles, 24 gave 7-day 
periodic correlation coefficients r= CC(25) which exceeded 0.50. These 
formed a compact cluster that covered all of the states of Arizona, New Mexico, 
Texas, Oklahoma, Kansas, Iowa, Missouri, and Arkansas, and covered the 
SE parts of Nebraska, Colorado, and southern Wisconsin. 

There were 19 blocks that gave r > 0.60; 5 gave r > 0.7; and 1, in east 
central New Mexico, gave r = 0.83, which corresponded to a significance 
factor SF = 3 x 105. 

Over a rectangular array of 30 grid points from 93° to 113° west longitude 
and from 34° to 42° north latitude, the phases of the periodic rainfall propa- 
gated with great regularity, in close accord with the following linear regress- 
ion equation: 


$ = 33.543.23(103 —x)+-1.26(y—38), 


where ¢ is the phase, in degrees, of the maximum rainfall at any point, defined 
by the west longitude x and the north latitude y. By the equation given in 
Table 12-XI on page 451 of the 1953 Report, we find that these waves of rainfall 
propagated with a velocity of 34.6 miles per hour in a direction that made 
an angle of 73° measured clockwise from the north. The 30 values of ¢ cal- 
culated from this equation for the 30 grid points, representing an area of 900,000 
square miles, gave a correlation of +-0.894 when compared with the 30 observed 
values of the rainfall phase. The corresponding significance factor is SF = 3x 
10°. The accuracy with which the calculated and observed phases agreed 
can be judged from the standard deviation of the difference $,4,— oto, Which 
was +12°, corresponding to +0.23 days or +5.6 hours. 

These data for the phases at the 30 grid points were plotted in a phase 
dial, as in Fig. 11-2 on page 426 of the 1953 Report (see also Fig. 4, page 482 
of this report). The 30 points form a very striking cluster, which gives SF = 10” 
as compared with a random arrangement of phases. 

Thus, the regularity observed in the propagation of the rainfall waves 
over 10* square miles during Cycle 40 was as striking as that observed in the 
phases of the 700-mb temperatures or the rainfall during Cycle 6 over the 
whole of the United States. However, in Cycle 40, this cluster covered only 
about one third of the United States, and, outside of this sharply delimited 
cluster, neither the periodicities nor the propagation of the phases had any 
measurable significance. 

To test this, we calculated ¢ by the foregoing equation at each of the 15 
subdivisions of the United States and we compared the results with the ob- 
served phases and values of r for these subdivisions. There was excellent 
agreement (standard deviation of +22° or +0.43 day) between the observed 
and calculated phases in six contiguous subdivisions A, H, I, J, K, and M, 
having an area of 1,200,000 square miles, which included the area of the 30 
grid points previously studied by Maynard. This significance of this clustering, 
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given by a phase dial, was SF = 4500. The remaining 9 subdivisions showed. 
phases which gave no significant correlation with the phases calculated from 
the regression equation. A phase dial gave SF = 2.0. 

The foregoing results are given here as an illustration of the sharp delimi- 
tation of the cluster characterized by a high degree of periodicity and regularity 
of phase propagation. According to our hypothesis, such all-or-none effects 
are a natural result of the interactions between silver iodide seeding, rainfall, 
and synoptic weather. We therefore examine the seeding schedules. 

In the 28-day interval from 3 November to 30 November 1952, which 
started just 6 days before Cycle 40, there were 445 generator hours of silver 
iodide seedings in New Mexico which occurred on 11 days, giving an excellent 
7-day periodicity with CC(28) = 0.788 and SF = 44,000, ¢ = 20° = 0.41 day. 

A study of the rainfall periodicity in New Mexico (data from 118 stations) 
in November 1952 from Climatological Data, gives CC(28) = 0.712 with 
SF = 2400 and ¢ = 31° = 0.60 day. Thus, both the seeding and the rainfall 
in New Mexico had a highly significant 7-day periodicity, and the phase of 
the seeding was 0.20 day ahead of the rainfall—about the same difference 
that has been found in the other cases. The amount of periodic seeding, 445 
generator hours, was about six times as much as the 72 generator hours per 
month that had been used by Project Cirrus Cycles 2 to 22. 

The seeding during Cycle 40, with 7-day periodicities and SF values ranging 
from 200 to 600, were carried on also in Arizona, Utah, Colorado, Texas, 
and northern New Mexico. The phases were all on Saturday to Sunday in the 
west and on Sunday further toward the east. 


Rainfalls and Seedings with 9- or 10-Day Periodicities 


J. Namias, in a preprint of a forthcoming article in Tellus, reported that 
three unusually rapidly developing cyclones moved into the western plateau 
of the U.S.A. on the 7th, the 17th, and the 27th of February 1953. Studies 
of the 700-mb heights showed a marked 10-day periodicity that was observed 
for 9 weeks from 8 February to 10 May 1953. A search for similar 10-day 
periodicities from 20 years of data, 1933 to 1952, failed to show any as striking 
as that found in 1953. The interval during which the next best 10-day perio- 
dicity was observed was from 25 February to 15 May 1952. 

After reading this paper by Namias, we decided to examine the seeding 
schedules and the rainfalls during the months of February to May for both 
1953 and 1952. The results for 1953 are shown in Tables VII, VIII, and IX. 
It is seen that the 10-day periodicity in seeding and in rainfall began in Oregon 
early in December 1952, two months before it was observed by Namias; however, 
during these two months it was more nearly a 9.5-day periodicity. The signifi- 
cance factors are very high, 36,000 for the seeding and 410 for the rainfall. 

From 1 February 1953 to 21 May 1953, a total of 110 days, the 10-day perio- 
dicities in seeding and in rainfall continued with significance factors of 130 


Google 


490 Widespread Control of Weather by Silver Iodide Seeding 


Taste VII 


Analysis of 10-Day Periodicities in Seeding Schedules in Tricounty Area in 


Oregon from 6 December 1952 to 21 May 1953 (167 Days) 










































































1952 Generator Hours \Sum 

Start o|1|2 3 40/5 6 7 8s | 9 [R 

| 

6 Dec. —|—| — j 24 28 | 24 oil oes —|—!% 
16 Dec. —|—| 17 21 12 9 _ _ _ — | 9 
25 Dec. —|-| —| m4] 2 {],—-—!4/] 8); —|[—-/| 8 

1953 

4 Jan. —|—| —| —|2]4/—;—-]— 4 | 1m 
13 Jan. 9|/—|; — | 40 48 38 22 - —!' — | 139 
23 Jan. —|—]| 30 4;— {39 | —}|—] 22 i= 85 
Sum C 9 | 0} 47 | 103 | 188 | 152 | 36 | 8 | 12 | 4 | 59 

For 57 days SS = 20,189; S*/N = 5208; Dr = 14,981; S/N = 9.3 
9,.5-day period; variance analysis for 3 groups 

SF = 36,000; Dz = 779; De = 6936; Dg = 4630 

{ 

1 Feb. 7\26; — | — | 41 6 si!—j;—]|] —|8 
11 Feb. —|—| — 4 | 12 6 | 2} — | — | 15 | 37 
21 Feb. —|-|] -— _ — = — 14 = — | 4 
3 Mar. —|-| - —_- =e _— _ 4 8 — | 12 
13 Mar. —|—| 12 | 22] — |} 2 | 16 | 18) — | —j|2 
23 Mar. —|13) — _ _ 20 _ _ _ — | 3 
2 Apr. —|—|} 10 5 3]; — 2 a | 4) 31 
12 Apr. 10o}—| — | — 16 - _ _ — | — | % 
22 Apr. 4/—| — | — | 28 | 42 | 10] 15 | — |} —-|9 

2 May —|/-|-|]—- 8 io}; —{|—}] —} —/| 8 
12 May —-|-| -|J— - = 15 2 - — {17 

| i 
Sum C a1 |39| 22 | 31 | 108 | 108 | 71 | 60 | 8 | 19 [47 
For 110 days SS = 9797; S*/N = 2156; Dr = 7641; S/N = 4.4 
Dp = 1138; Do = 1098; Dg = 620 
SF = 130 : 
Sum for all 167 days| 30 | 39. | 69 | 134 | 296 | 260 | 107 | 68 | 20 | 23 | 1046 








SS = 29,986; S*/N = 6435; Dr = 23,551; S/N = 6.2 


Dp = 2846; Do = 5174; Dg = 4612 


SF = 2x 10° 


Dp = 4066 CC(167)p = 0.443 SF=1.5x 10? 


CC(10) = 0.886 SF = 240 


@ = 4,36 days 
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Tasiz VIII 


Analysis of 10-Day Periodicities in Rainfall at 11 Stations in Oregon and 
Washington from 6 December to 21 May 1953 (167 days) 


(Rainfall in hundredths of inch per station-day) 





























Start * | Sum 

ie | 0 | a| 2 | 3 | 4 | Cy A as a a 
6 Dec. 44/30! 10 | 23 | 28 | 31 | 27 | 1} 5 | 4 | 203 
16 Dec. 4{ 0] 3 | 16 | 16 | 35} 9 | o | of qa] 84 
25 Dec. 1] 7| 26 | 7 | 38 | 23 | 17 | 15 | so | 37 | 227 

1953 | 

4 Jan. o| oj 7 | 48 | s9 | 29 | 11 | 45 | 25 | cag) | 242 
13 Jan. 18| 6| 35 | 31 | 45 | 67 | 18 | 5 | 1 | 55 | 281 
23 Jan. 144] 9] 21 | 23 | 14 | 30 | 18 | 12 | 34 | 8 | 183 
57 Days C | 81 | 52 | 102 | 148 | 200 | 215 | 100 | 78 | 121 | 123 | 1220 












































SS = 41,828; S*/N = 24,807; Dr = 17,021; S/N = 203 
9.5-day period: Dp = 2274 
SF = 410 R 
1 Feb. s|33| 42 | 13 | 35 | 38 | 17 | o | o | 3 | 199 
11 Feb. o| of o | 1 | 17] 35 | 33 | 2] 0 | 5 | 103 
21 Feb, 3/3} of of of 2] 3] 74-1 1 | 20 
3 Mar. o} of of 2] 0] o | o | 14] 19 | 12 | 47 
13 Mar. 1] o| 2 | 31 | 6 | 31 | 15 | 25 | 14 | 17 | 168 
23 Mar. 6/23} 9 | s |] a] ai! 2/45} 1/1 0 | 83 
2 Apr. o} 3} s} 2] 3] 4] 8 | 2] of 2] 29 
12 Apr. 4{ 2} 0] of 7} 4] of 1] 1] 74 26 
22 Apr. 1is| 7/ o | 9 | 22 | 41 | 14 | 1 | 9 | 5s | 133 
2 May 4/2} of] of s | aia] 3) 0! of 47 
12 May o| 4) s | s | 24 41 | 47 | 27 | 10 | 23 | 124 
110 Days C | 41 | 7 | 89 | 73 | 108 | 188 | 151 | 107 | ss | 75- | 969 
SS = 22,341; S/N = 8536; Dr = 13,808; S/N = 8.8 
10-day period Dp = 3548 
SF = 42 
For 170 Days C = 122)129 | 191 | 226 | 308 | 403 | asi | 185 176 | 198 | 2189 
SS = 64,169; S/N = 28,187; Dy = 35,982; S/N = 12.9 
Dp = 10,980; Do = 3799; Dg = 2840; SF = 9000 
Dp = 2769; CC(167) = 0.333; SF = 7000 
$ = 4.85 days; CC(10) = 0.853; SF = 96 
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and 42. Taking the whole interval of 167 days, the significance factor for the 
seeding was 10’ and 7000 for the rainfall. The phases were 4.36 days for the 
seeding and 4.85 for the rainfall. Thus, the average maximum seeding (about 
17 generator-hours per day as compared with 8 hours used by Project Cirrus) 
came 0.49 day ahead of the maximum in the rainfall. The comparison between 
the sums of the 10 columns in the tables for seeding and for rainfall give a cor- 
relation coefficient CC(10) = 0.884, which gives SF = 2000. 


Tasie IX 


Correlation Between Seeding and Rainfall in Oregon 6 December 1952 to 21 
May 1953 


Tabulated Values of C 





























el=o1,/2/3| 4 | 5 | 6 | 7] 89 
Seeding 30] 39] 69] 134] 296 | 260] 107] 68 | 20] 23 
Rain (C-100) | 22| 29] 91] 126] 208 | 303] 151] 85] 76| 98 

CC(10) = 0.884 Square of CC = 0.782 


Variance Analysis 
| | at. | Var. | F 

















1 1.000 | 10 

r 0.782 1 0.782 28.7 

1—r3 | 0.218 9 0.02725) 1.0 
SF = 2000 


9-Day Periodicities in Seeding and in Rainfall during Cycle 33 in the South- 
western States 

An examination of the seeding schedules in the early part of 1952 showed 
that the seedings in Arizona, New Mexico, Colorado, and Texas showed a high- 
ly significant periodicity (SF = 30,000) that started about 25 February 1952, 
as a 10-day periodicity until 15 April, and then continued as a 9-day periodicity 
(without break in phase) until 25 May 1952. The rainfall periodicities in the 
same area (with SF = 40,000) had the same frequencies. The phase of the 
seeding was ahead of that for the rainfall by 0.77 day. 

These seedings with a 9- or 10-day periodicity in the southwestern states 
n 1952 lasted during Cycles 31, 32, and 33, even while the strong 7-day perio- 
dicity in rainfall existed in 10 out of the 13 subdivisions during Cycle 33 (see 
page 485 and Tables V and VI). 

A study of the rainfalls in Arizona, New Mexico, Colorado, and Texas 
during this time showed that, in these states, there was no appreciable 7-day 
component in the rainfall; only the 9- or 10-day periodicities appeared. Further 
north, where the 7-day rainfall periodicity was marked and there was a 7-day 
seeding periodicity in Oregon, there was no measurable 10-day periodicity. 
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This strongly supports our conclusion that two different rainfall periodicities 
cannot exist simultaneously at the same place. 

Both of the large commercial organizations that have been carrying on 
seedings assure me that they have not intentionally done any periodic seeding 
but they have regulated the seeding schedules according to the probability 
of favorable conditions, which means the probability of clouds and rain. There- 
fore, it is natural that the seeding schedules should fit the rain; and, if our 
seeding hypothesis is right, it is also reasonable that the rain should fit the 
periodic seeding schedule. The question therefore is which came first—the 
chicken or the egg; that is, did the periodic rain produce the periodic seeding, 
or did the periodic seeding produce the periodic rain? 


Periodicities in Rainfall Stimulated by Seedings Made in Response to Weather 


During Cycles 2 to 22 the periodicities in the Project Cirrus seedings were 
predetermined by schedules prepared in advance. According to our seeding 
hypothesis, the periodicity in the rainfall was induced by the seeding, but 
the periodicity in rain could not have influenced the frequency or the phase 
of the seeding. The relation between the seeding (S) and the rain (R) was 
thus a one-way action and there was no feedback from R to S. 

On the other hand, in the case of the commercial seedings, there was no 
predetermined schedule, but the operators stated frankly that they seeded 
in response to rainfall or to a forecast of probable rain. Therefore, the rain 
and the synoptic weather reacted strongly on the seeding. This two-way inter- 
action or feedback did not exist in the Project Cirrus seedings. 

Feedbacks can have important effects on the stabilities of coupled dynamical 
or electrical systems or networks. They are often used to stabilize systems 
to keep them from oscillating, or they may serve to stimulate or to generate 
oscillations. Feedbacks may lead to unstable conditions that develop into 
chain reactions or run-away effects, which proceed until limited by some 
nonlinear effect. 

Whether a feedback suppresses or generates oscillations usually depends 
upon the time delay, or phase lag, involved in the feedback. In the case of 
the seeding-rainfall interaction that we are now considering, there will clearly 
be a time lag between the action of S on R and R on S. Matters are further 
complicated by the propagation of storm systems from west to east and by 
the interactions between neighboring systems even at distances of several 
thousand of miles. 

During the last 20 years, there has been great progress in the development 
of concepts and fundamental principles underlying dynamical systems (servo 
mechanisms) that include nonlinear elements and feedbacks. The meteoro- 
logical phenomena that we are now considering seem to involve many of the 
characteristics of these systems. 
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Many of the electron-tube circuits used in radio and in radar provide ex- 
cellent illustrations of types of interactions that may reasonably be expected 
in weather phenomena influenced by seeding. The simplest and most common 
type of electron-tube circuit for generating high-frequency currents consists 
of a power supply, an amplifier (triode), and a resonant plate circuit having 
inductance and capacitance, which is a frequency-determining element. The 
feedback couples the resonant plate circuit with the input to the grid of the 
triode. The grid and its input circuit give a triggerlike action that is analogous 
to the silver iodide seeding. 

Ordinary weather apparently does not depend on any mechanisms that 
correspond to resonant circuits. This is indicated by the discussion on page 483, 
where it is shown that there were no characteristic peaks in the energy spectrum 
of the harmonics of the periodicities in the upper temperatures in April 1949 
and April 1950. 

In a later section of this report we shall reach a similar conclusion regarding 
the power spectrum by the analysis of the much more extensive data for the 
700-mb heights during 4 years over an area of 14 million square miles. In the 
absence of seeding, there is no predominant characteristic frequency analogous 
to that of a resonant circuit. 

Another important type of oscillating system is that which gives relaxation 
oscillations. One simple example is a neon tube fed by a small current from 
a steady voltage source through a high resistance and shunted by a capaci- 
tance. The current charges the capacitance until the voltage across the neon 
tube rises to the breakdown point. The capacitance then discharges through 
the tube until the voltage is insufficient to maintain the discharge. This action 
repeats itself periodically at a frequency that varies in proportion to the current 
through the resistance and inversely proportional to the capacitance. The 
amplitude of the periodic voltage fluctuations remains constant even when 
the frequency is varied by control of the current. 

Another type of oscillation depends upon a time delay such as that required 
for the propagation of a signal through a circuit that has the characteristics 
of a transmission line. A feedback involving such a time delay may thus produce 
oscillations of controllable frequency even without resonance circuits. 

Analogous relaxation and propagation effects may occur in meteorological 
systems. The starting of a storm may be delayed until a sufficient amount of 
moist air has accumulated in a region of potential cyclogenesis, or it may depend 
on the propagation time of ‘‘waves in the westerlies.” 


Analogy with Frequency-Modulation (FM) Circuits 


Some of the features of electron-tube circuits that are used in the frequency- 
modulation system (FM) of radio and television reception seem to have a 
particularly close relationship to meteorological phenomena associated with 
widespread effects of seeding. 
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In FM reception, the incoming signal with its background noise is amplified 
and is passed through a nonlinear current-limiting device that cuts off the 
crests and troughs of the waves, so as to give essentially a square wave of con- 
stant amplitude but variable frequency. An incoming signal below a certain 
intensity has practically no effect, but, if its intensity exceeds a critical limit 
and the signal lasts long enough to determine a frequency, the oscillations 
in the FM receiving circuits can lock into step with the incoming signals 
and give oscillations of constant amplitude with controlled frequency. Such 
a circuit cannot oscillate simultaneously at two different frequencies. This is a 
common characteristic of many nonlinear circuits with sufficiently strong 
feedback. 

In widespread effects of periodic seeding, there are many phenomena 
analogous to those that occur in the reception of FM signals. Thus with the 
Project Cirrus seedings of 7-day periodicity, the seeding became the frequency- 
determining element. If, however, as in commercial seeding, the seeding is 
the result of a feedback from synoptic weather, there is no fixed frequency- 
determining element. Whether oscillations can occur at all or what the fre- 
quencies may be can depend on the nonlinear interrelationships, including 
feedbacks, etc., between the silver iodide, the rainfall, and the synoptic weather. 
The periodicity in rainfall and in seeding may develop apparently spontane- 
ously, persist for a time, fade away, or be replaced by others. 

Commercial seeding, even though not deliberately periodic, may thus 
give significant periodicities of rainfall over large areas far more frequently 
than if there were no seeding. 


Two Seeding Hypotheses 


It has been suggested that the occurrence of 7-day periodicities in rainfall 
during Cycle 33 is an indication that such periodicities are not so uncommon 
in natural weather that great significance need be attached to the observed 
7-day periodicity during the Project Cirrus seedings. 

In analyzing the significance of these periodicities, as summarized on pages 
458 to 484 of this report, it was useful to set up the seeding hypothesis (see 
page 462 and 481 to 484). 

One cannot logically say that the evidence in support of the hypothesis 
has been weakened by the discovery of 7-day periodicities in Cycles 31, 33, 
and 40, or by the 9-day and 10-day periodicities in 1952 and 1953, because 
in all these cases there were actually periodic seedings having the same frequency 
as the rain and with amounts of silver iodide even greater than those used in 
the Project Cirrus seedings. Only very high periodicities in rainfall without 
any corresponding seedings could give evidence against the seeding hypo- 
thesis—and this evidence has not yet been found. 

The observed high periodicities of 7, 9, or 10 days after the end of the 
Project Cirrus seedings are thus not in conflict with the original seeding hypo- 
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thesis, but they indicate the need for a supplementary seeding hypothesis 
for which we already have a logical basis in the discussions on pages 493 
to 494, 

The following statements of the two seeding hypotheses, in rather specific 
form, are designed to help formulate the problem of evaluating widespread 
effects of silver iodide seeding. 


First Seeding Hypothesis. Silver iodide seeding of a predetermined fre- 
quency (with 7-day or 14-day period), in a favorable location (a cyclo- 
genetic region), can produce a 7-day periodicity in rainfall over wide areas, 

Second Seeding Hypothesis. Silver iodide seeding coupled with rainfall 
(made only when there is a forecast of rain) greatly enhances the probability 
of high periodicities in rainfall. 


Tests of the Seeding Hypotheses 


A large part of this report, on pages 458 to 484, has consisted of a test of 
the first seeding hypothesis and its corollaries involving 7-day periodicities in 
other weather elements. The method adopted was, first, to establish quantita- 
tive measures, 7’, of rainfall periodicities and of the regularities in the propa- 
gation of the phases as waves moving over large areas, and, second, to make 
quantitative comparisons of the frequencies with which specified ranges in 
the values of r? occur in years with and without periodic seedings. In some 
cases these frequencies were also determined during times of periodic seedings, 
but the comparison was then made between areas that were inside and outside 
of sharply delimited ‘‘clusters.” 

The evaluation of the significance of the high rainfall periodicities that 
appeared to be induced by periodic seeding was made from a study of the 
semiempirical distribution function, 

P= (1-1)", 
which was discussed on pages 466 and 467 of this report. It was shown that 
this equation can be derived from the Fisher theory of variance ratios for 
the case of a series of m normally distributed numbers if they are arranged 
in random sequence. The exponent m should increase about in proportion 
to n, but should be the same for all frequencies (harmonics of the fundamental 
period of n days). 

However, during the summer of 1950 (see pages 250 and 251 of the 1953 
Report), Harris made a harmonic analysis of the rainfall data at the Group A 
stations for 140 days during Cycles 2 to 6 and found that the variance 
corresponding to the separate harmonics decreases progressively as the frequency 
increases. This means that the exponent m should be less for longer periods, 
such as 10 days, than for 7 days, and should be considerably greater for shorter 
periods such as 3 days. This agrees with the known fact that rainfall tends 
to persist from one day to the next (serial correlation). 
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Early comparisons between the 7-day periodicities in Cycles 2 to 6, during 
periodic seedings and during a corresponding interval in 1947-1948 before 
there was any seeding, showed (see pages 239 to 242 and 283 of the 1953 Report) 
that the distribution of r* values during the 1948 season was in substantial 
agree ment with Eq. (10-1) using the Fisher value m = 12.5. 

The first systematic test of the distribution law of Eq. (10-1) was made 
in the analysis of the Weather Bureau data on the 7-day periodicities in 700-mb 
temperatures over the Northern Hemisphere, given on pages 394 to 397 of 
the 1953 Report. Particular emphasis was placed on the 7-day periodicities, 
as measured by CC(28), during three 28-day cycles from 18 September 1949 
to 10 December 1949, before the start of the periodic seedings. There were 
108 stations 10° apart in latitude and in longitude, distributed uniformly through- 
out a zone around the Northern Hemisphere from 25°N to 55°N latitude, 
representing an area of 33 million square miles. 

The analysis of these data on page 395 of the 1953 Report indicates close 
agreement with the Fisher equation, with m = 11.25. Over this large area 
and also in Cycle 8, which gave no significant periodicity in the United States 
(total of 432 values of r*), there were no significantly high values of r*, and 
the mean value of 10*7* from all the data was 82. The values of r? thus constituted 
a ‘thomogeneous population” that conformed to the distribution function. 

The systematic study of the distribution function for rainfall was not under- 
taken until much later and is reported in Chapter 12 of the 1953 Report on 
pages 438 to 441 and in the revised Chapter 12 (Appendix B), pages 520 and 523. 
A rather complete summary of these results is given on pages 472 and 473 of 
the present report. The 8 ‘‘nonseeding cycles” (Cycles 1 and 23 to 29) were 
taken to represent a background corresponding to natural weather. However, 
we now know that in Cycles 23 to 29 there were very large amounts of com- 
mercial silver iodide seeding. 

Nevertheless, the analysis of these 8 cycles indicated (pages 472 and 473) 
that the population of these 109 values of 10*r* (in Table 12-IV on page 440 
of the 1953 Report) was surprisingly homogeneous. The values did not depend 
significantly either on the time (the cycles) or on the geographic location of 
the subdivision. The mean value, 92, was not significantly different from 
the value, 82, found previously for the 700-mb temperatures. 

When the r* values were compared (page 473) with those of the seeding 
cycles (Cycles 2 to 6), the differences were of extremely high significance. 

Later, after the completion of the 1953 Project Cirrus Report, when the 
new data in Table V on page 485 of this report for Cycles 30 to 37 became 
available, it was found as discussed on page 485, that the high periodicities 
in Cycles 31 and 33 were entirely out of line with the 8 ‘‘nonseeding”’ cycles 
and the other cycles, Nos. 30, 32, 34, 35, 36, and 37. This observation, and 
the discovery of 9- and 10-day periodicities in rainfall and in seedings have 
led to the consideration that these sporadic occurrences of abnormally high 
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periodicities may be due to an enhancement by commercial seeding, coupled 
with rainfall, as postulated in the second seeding hypothesis. 

When the high 7-day periodicities in rainfall in Cycles 31 and 33 were 
first noted, it was not known that, at that time, commercial operators had 
been seeding with a 7-day periodicity. If, in the comparison between the r* 
values for Cycles 2 to 6 and those for the nonseeding cycles, we modify the 
calculations discussed on page 473 by including Cycles 30 to 37 among the 
nonseeding cycles, we find that the significance of the differences attributable 
to seeding is enormously decreased. This is almost self-evident when we con- 
sider that, for Cycle 33, the average value of 10*r? is 349, which exceeds the 
highest value previously found among the seeding cycles—305, for Cycle 6. 

This situation is entirely changed when it was discovered that, during 
Cycles 31 and 33 (see page 485 of this report), the commercial seeding operations 
in the northwestern states actually had an extremely high 7-day periodicity, 
and the amounts of seeding (generator-hours) were several times larger than 
had ever been used by Project Cirrus. For Cycle 33, these data are illustrated 
by Table VI on page 486. 

Early in our analysis of the significance of the periodic rains (see the 1953 
Report, page 305) it was stated: ‘“The basic test for the (first) seeding hypothesis 
involves a comparison of the significance factors during periodic seeding with 
those obtained when there was no periodic seeding.” Of necessity, therefore, 
in applying this test we must include Cycles 31 and 33 among the others having 
periodic seeding. The comparison should be made between the 23 cycles 
with 7-day seedings (viz., Cycles 2 to 22, 31, and 33) and the 14 remaining cycles 
(1, 23 to 30, 32, and 34 to 37) in which there was no known periodic seeding. 

The most trustworthy test for the first seeding hypothesis from the r* values 
should make use of all the available data. For this purpose a single large table 
was constructed having one column for each of the 37 cycles and 14 rows, 
one for each of 14 subdivisions of the United States, Subdivision P (California) 
being omitted because in several months each year there are so few rains that 
reliable values of r cannot be determined. Thus, there were places for 37x 14 
or 518 values of 10%r, and in these the 504 values from the Project Cirrus 
data were entered. These entries for each’ row and column were summed 
and averaged and these data were used in forming Table A-I of Appendix A, 
which is included at the end of report. Table X summarizes some of the data 
in Table A-I of Appendix A. 

The 37 cycles have been partitioned into 6 Spells or Groups of cycles de- 
signated a, b, c, d, e, and f in the first two columns of Table X. The number 
of cycles, N,, that form the group is in the third column; and N, the total 
number of values of 10°73 in all the subdivisions in the group, is in the fourth 
column. The averages are inthe fifth column. The sixth column indicates 
whether seeding with a 7-day periodicity occurred during the cycles constitut- 
ing the group. 
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The average values of 10*r* for the individual cycles, 1 to 37, are not listed 
in Table A-I. They have, however, already been given (for 15 instead of 14 
subdivisions) in Column 5 of the table on page 546, Appendix C. These averages 
show a very great range in values, from 51 to 349. We see also that the averages 
for the separate spells or groups in Table X differ greatly from one another. 

We wish particularly to know whether such large variations can result 
from random distributions of r? values among the columns or cycles, or whether 
the differences are so significant that we are justified in looking for a cause 
such as the action of periodic seeding. 


Taste X 
Partition of the 37 Cycles into Spells or Groups of Cycles 




















N, N Average sags 
Spell or | Cycles | Number | Number | Value of| Periodic 
Group y' of Cycles of) ony 10%! Seeding? 
a 210 | 9 126 170 | Yes 
b 11—16 6 83 89 Yes 
c 17—22 6 80 142 Yes 
d 1, 23—30 9 120 88 No 
e 31, 33 2 26 265 Yes 
f 32, 34—37 5 69 109 No 
All ! 1—37 37 504 129 Partly 
Larger Groups: 
(a, b, c, e) 23 315 150 Yes 
(d, f) 14 189 96 No 
(a, ¢, e) 17 232 171 Yes 
(b, d, f) 20 272 94 Partly 
(a, c) 15 206 159 Yes 














A mere inspection of the averages, R/N, for the rows as given for each of 
the 14 subdivisions, in Column 4 of Table XVI, shows no such large variations 
as those that characterized the columns. 

Statistical analyses of the data of Table A-I, as given in Table A-II (also in 
Appendix A) are too technical to discuss here, but the upper part of Table A-III 
shows that the variance ratio for the 14 rows (subdivisions) is only F = 0.61, 
while for the 37 columns (cycles) it is F = 4.93. Thus, the variance for the 
columns is 8 times as great as for the rows. This low variance for the rows, for 
all 37 cycles, is like that previously noted in Table X, in the study of the 8 
“nonseeding cycles” 1, and 23 to 29. 

The results of this comparison of the average values of 10*? for the 37 
cycles are summarized in the first line of Table XI. From the value F = 4.93, 
the significance factor SF has been calculated in Table A-III to be SF = 3x 
10“. This means, roughly, that if the 504 values of 10** were shuffled and 
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Taste XI 
Comparisons of the Various Groupings of the 37 Cycles 









































Number Average Variance 
of The Groups N | Valueof | _ Ratio 4 Purpose 
Groups 10°? F SF 
37 37 cycles 504 129 4.93| 3x 10" Test variance of columns 
2 (a, b, c, e) 315 150 : 19.3 | High Comparison of cycles with 
(d, f) 189 96 and without periodic seedings 
504 129 
3 (a, c, e) 232 171 32.9 | 2x10" | Same, but using 3 groups 
(b) 83 89 
(d, f) 189 96 
504 129 
20 20 cycles in 272 94 1.67) Low To test homogeneity 
b, d, and f 
3 (b) i 83 | 39 «|:«s«8 6 Same, but using 3 groups 
(d) | 120 88 
(f) j 69 109 
272 “94 
3 (a, c) | 206 159 23.8 | 5x10® | Comparison of (b) with the 
(b) 83 89 other cycles of periodic 
() | 26 | 265 seedings 
i 315 | 150 | 














dealt out at random among the 37 columns and 14 rows, the dealings would 
have to be repeated 10 times before they would again give as large a variance 
for the columns as that actually found. 

For a further test of the first seeding hypothesis, we should now know 
how the average values of 10*7* for the 6 groups of cycles, a to f, listed in Table 
X are related to the periodicities in the seeding schedules, as shown in the 
last column of Table X. 

The most direct test can be made by comparing all the 23 cycles (a, b, c, e) 
in which there was seeding known 7-day periodicity, with the remaining 14 
cycles (d, f). The characteristics of these two “larger groupings’’ are given 
in the lower half of Table X. This comparison is analyzed in the second section 
of Table XI, where it is shown that, during the 23 cycles of seeding with 7-day 
periodicity, the 315 values of 10*%r* averaged 150, while during the 14 cycles 
with no periodic seeding there were 189 values, with an average of 96. 

The variance ratio for the two groups, which is F = 19.3, has a signifi- 
cance far too high to be given by any ordinary table of F ratios. We can, however, 
estimate the significance more easily by dividing the cycles into three group- 
ings, such as those shown in the third section of Table XI. Here the b group 
(Cycles 11 to 16) has been separated from the other cycles of periodic seeding. 
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By using three groups instead of two, we have increased the number of degrees 
of freedom, d,, from 1 to 2, so that, according to page 257 of the 1953 Report, 
the values of SF even for large values of F, can be calculated by Eq. (5-14). 
These advantages of using three groups were illustrated by the analysis in 
Table 9-IX on page 381 of the 1953 Report. Thus we find, as given the third 
section of Table XI, F = 32.9 and SF = 2x 10%. 

The 17 cycles in Groups a, c, e, which all had seedings of 7-day periodicity, 
gave 10%r* values that averaged 171; these were very significantly higher than 
those for the other 20 cycles in Groups b and d, f, which did not differ 
much from their average of 94. 

Although the averages for the three groups b, d, and f, which were 89, 
88, and 109, respectively, were nearly alike, we are not quite safe in concluding 
that the individual cycles within the groups might not be significantly different 
from others. The analysis in Section 4 of Table XI, which treats the 20 cycles 
separately by the same method as that used in Section 1 for the 37 cycles, 
gives F = 1.67, for which the significance is low. 

This proves that the highly significant variance of the 37 cycles is due 
entirely to the 17 cycles of Groups a, c, and e. This homogeneity of the 20 
cycles is confirmed in Section 5 of Table XI by a three-group analysis that 
gives F = 1.8 and SF = 6—a low value indeed compared with SF = 10” 
for all the 37 cycles. 

In Section 6 a three-group analysis has been made of the significance of 
the distribution of 10** values within the 23 cycles that had periodic seeding. 
The variance ratio F = 23.8, and SF = 5x10%, prove that the low rainfall 
periodicities in the cycles of Group b have very high significance. 

From the analyses summarized in Table XI, we conclude that about three- 
quarters of the cycles with periodic seeding gave highly significant rainfall 
periodicities but that not one of the 14 cycles without periodic seeding gave signifi- 
cantly large rainfall periodicity. The cycles that failed to give periodic rains 
even though they had periodic seeding were the six consecutive cycles 11 
to 16 during the 168 days from 20 August 1950 to 4 February 1951, during 
which period commercial seeding operations were increasing rapidly. 

In testing the first seeding hypothesis, as applied to rainfall periodicities, 
it has been necessary to compare values of r* during times of periodic seeding 
with data obtained during times in which there was no known periodic seeding, 
although there was, unfortunately, a large amount of commercial seeding 
(after Cycle 22). Logically, it would have been more desirable to make com- 
parisons between cycles with periodic seeding (2 to 22) and data similarly 
calculated from rainfall from years before 1948, when there could have been 
no silver iodide seeding of any kind. 

The discovery of high rainfall periodicities in Cycles 31 and 33, with the 
recognition that these might be caused by commercial seeding, coupled with 
weather (second seeding hypothesis), suggested that the distribution function 
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for the r* values in the years of commercial seeding might differ considerably 
from those obtainable from years before 1948. This could perhaps invalidate 
calculations of SF, if these were based only on data from years with com- 
mercial seeding. 

The low variance between the 20 cycles in Groups b, d, and f shown in 
Table XI indicate, however, that the spontaneous generation of 7-day perio- 
dicities by coupling between seeding and weather is a sporadic effect that 
occurs only rarely, but when it does occur it has large amplitude. Therefore, 
the commercial seedings should have practically no effect on the distribution 
function for the r* values, except to introduce occasionally some very discrepant, 
large values of r?. ‘ 

We thus conceive of a normal, rather homogeneous background distribution 
of r® values that has characterized weather before there was silver iodide seeding, 
and continues, except sporadically, during commercial seeding. In support 
of this, we may note that the average for the 272 values of 10#r* in the 20 cycles 
of Groups b, d, and f in Table X is 94 and that this is not much greater than 
the average of 82 found from the 432 values of 10°73 from the Northern Hemi- 
spheric data on the 700-mb temperatures, as described on page 497 of this report. 


Comparative Data from Years before Seeding 


It should be remembered that in the 1953 Project Cirrus Report we did 
make numerous comparisons of the 7-day rainfall periodicities in 1950 with 
those of years before 1949. These gave supporting evidence that very high 
periodicities in rainfall were not more common than would be expected from 
Eq. (10-1). We may cite particularly Chapter 5 (pages 239-242) where there 
was a comparison of rainfall periodicities for 20 Group A stations during 
140 days in Cycles 2 to 6 with those during a corresponding interval two years 
earlier. 

In Chapter 6 (pages 263 to 267) a study was made of the rainfall periodicities 
at Knoxville for 9 weeks in each of 9 consecutive years starting in 1939; there 
was no evidence of significant 7-day periodicities. In Chapter 7, on pages 
305 to 308, a search was made for rainfall periodicities in 1947 and in the 
interval from December 1948 to March 1949, but none was found comparable 
with those during Cycles 2 to 6. 

The harmonic analysis of the 700-mb temperatures during. April 1950 
and April 1949 from Chapter 11, which is described in the present report 
on pages 483 and 484, showed a complete absence of any significant periodicities 
in 1949, but gave a highly significant 7-day periodicity in 1950. 

There is thus a considerable body of evidence that the homogeneous dis- 
tribution of r? values observed during the 20 cycles, without periodic seeding, 
in Groups b, d, and f, is essentially the same as in the years before 1948. 

All of these analyses summarized in Table XI give complete support to 
the first seeding hypothesis. It is hard to see how the evidence could be better. 
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Surely the failure of the Project Cirrus seedings in Cycles 11 to 16 in producing 
periodic rainfall in presence of much larger amounts of commercial seeding 
can hardly outweigh the very highly significant evidence of the effectiveness 
of the seedings during the 17 cycles of Groups a, c, and e. 

Tests of the Second Seeding Hypothesis 

According to the second seeding hypothesis (page 496), commercial seeding, 
coupled with rainfall, greatly increases the probability for the occurrence of 
high periodicities in rainfall. 

If the first hypothesis has been verified, then any estimate of the probability 
of spontaneous generation of rainfall periodicities (i.e. without periodic seeding) 
must rest upon observations of the distributions of high r* values taken at 
times when seeding was either absent or was ineffective. 

Our knowledge of the distribution of r? was based partly on data taken during 
cycles of Groups b, d, and f, in which there was commercial seeding; but this 
was considered ineffective in modifying r*. On this basis, the high periodicities 
of Cycles 31 and 33 could not reasonably have occurred except as a result 
of periodic seedings (which were later found to exist). 

We need to test these hypotheses, and we need an understanding of the 
factors that must fix the frequencies of the spontaneous periodicities that may 
occur when there is commercial seeding coupled with weather. Fortunately, 
this problem can be solved very directly by using objectively selected large 
samples of rainfall data from years before 1948 and studying their periodicities 
of 6-, 7-, 8-, 9-, and 10-day periods by methods like those used in Tables X, 
XI, A-I, and A-II. It would also be desirable to test the distribution function 
P=(1—9r)" for rainfall periodicities ranging from 6-day to 10-day 
periods. : 

I believe it probable that periodicities as high as those found in cycles of 
Groups a, c, and e have been extremely rare and of short duration during 
the years before seeding, but they have become much more common in recent 
years when there has been commercial seeding. If this is true," we will have the 
best possible proof of both of the seeding hypotheses. A limited investigation 
of this sort, with the same objective, has already been made by J. Namias 
(see this report pages 492 and 493), when he made a search covering the 20 
years from 1933 to 1952 for 10-day periodicities in the 700-mb heights which 
might be similar to those that he found in 1953. The result of his investigation 
appears to be important. In only 2 years out of the 21 did he find any significant 
10-day periodicity and in both of these we now know that there was commercial 
seeding having the same period. 


The Importance of Clusters 


At many places in the 1953 Report and in Appendix B it has been noted 
that the strong periodicities in rainfall and in upper air temperatures or pres- 
Sures seem to occur in ‘‘clusters” that are sharply delimited in space and in 
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time. The periodicity in rainfall began abruptly in Cycle 2 and ended abruptly 
just after Cycle 6. It reappeared suddenly again in Cycle 9. This is an example 
of sharp limitations in time. 

This evidence of clustering is also shown very strikingly by the regularity 
in the propagation of phases, which usually extends only over a sharply defined 
region. One example is given in the figure on page 426 of the 1953 Report, 
which shows the clustering of 9 values of the phases of the periodicities of the 
700-mb temperatures in Cycle 6. 

The best example of clustering both in time and space is given by the data 
prepared by the Weather Bureau on the distribution of 7-day periodicities 
in the upper air temperatures over the whole Northern Hemisphere during 
20 cycles. This is discussed in detail in Chapter 10 of the 1953 Report. The two 
tables on page 398 give a striking illustration of the clustering of the high 
periodicities within sharply defined areas of approximately 6 million square 
miles in Cycles 2 and 6. Pages 400 to 403 deal particularly with ‘‘the significance 
of the clustering.” 

In more recent work that has not yet been incorporated into reports, I have 
made a more detailed study of these clusters and have studied particularly the 
phase propagation of the waves within them. I have written a long letter to 
Dr. J. Smagorinsky of the U.S. Weather Bureau in which I have described 
the main characteristics of this clustering of the Northern Hemisphere data. 
I may say that the evidence is very striking that the waves propagate distances 
of as much as 12,000 miles in a band sharply limited at the north and south. 

However, in this letter I failed to point out that the sharp limitation of 
these clusters in space and in time is very much like the limitation of the areas 
over which frequencies of 7 days or 10 days have occurred in the United States, 
presumably as the result of our 7-day seedings or of the periodic seedings by 
commercial operators who had no intention of seeding periodically. 

I want to draw an analogy between these sharp limits and the tendency 
of FM circuits to oscillate with an amplitude that is more or less fixed but 
with a frequency determined by an outside stimulus acting as a trigger. The 
sharpness of the boundaries of the clusters indicates that oscillations of this 
kind cannot exist and propagate if they are of small amplitude. 


The Large —not Small — Effects of Periodic Seedings under Favorable Con- 
ditions 

It has usually been taken for granted, a priori, by statisticians that the 
effects of seeding are small and therefore, because of the natural variability 
of weather, a very long series of carefully controlled or randomized experiments 
will be required to prove the reality or significance of any effects that appear 
to result from seeding. 

This viewpoint leads to the design of experiments to detect the cumulative 
evidence from large numbers of tests each of which gives only a small effect. 
This is an unfortunate defeatist attitude not consistent with results obtained 
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by Project Cirrus, nor is it justified by our new knowledge of cloud physics 
derived from laboratory experiments and field observations. 

A better approach to the fundamental problems of cloud seeding is to plan 
exploratory experiments to determine the meteorological conditions under 
which large effects, produced by seeding, are most likely to occur. If sets of 
conditions can be found which frequently lead to large effects, it becomes 
possible to design experiments which are less disturbed by uncontrolled factors 
(background noise). The sensitiveness of the tests may thus be increased so 
greatly that relatively few experiments may be needed to reach statistically 
significant conclusions. 

A detailed discussion of the general seeding problem along these lines is 
contained in a report made on 22 April 1954 to the President’s Advisory Com- 
mittee on Weather Control, see pages 1 to 34. This report was based on a study 
of experiments in Puerto. Rico designed to modify trade-wind cumulus clouds 
over the sea by seeding with 400 gallons of water dropped from a plane. 

Because the report contains much material which should be presented to 
the Office of Naval Research, a copy of it is included as Appendix D. The 
title of the report has been changed to ‘‘A Critique of the Design of 
Experiments on Cloud Seeding and Statistical Methods for their Evaluation’’, 
which is more in accord with the table of contents at the beginning of the 
report. 

In Appendix D there is no specific mention of periodic seedings except on 
pages 22 and 23, where there is a discussion of the ratios of the Tuesday to 
the Saturday rainfalls given in Table I on page 465 of the present report. It was 
stated that the average Tuesday-Saturday rainfall ratio was 13 to 1, whereas 
Mr. William Lewis had predicted that the ratio would not exceed 1.1 to 1. 

Our studies of the the effects of periodic seedings in the present report 
have shown one of their main characteristics to be the fact that they are large 
rather than small and that they tend to be sharply delimited in space and 
time (clusters). The ‘‘critique” in Appendix D thus appears applicable to these 
periodic seeding experiments. 


Power Spectrum for the Height of the 700-mb Pressure Surface 


In September 1953, I received from Mr. Glenn Brier of the Weather Bureau 
a large book of computations on this subject which were made, I believe, at 
the request of the Office of Naval Research and were carried out at the Bureau 
of Standards. The book deals with an analysis by Tukey’s methods of the 
distribution of periodicities in these 700-mb heights over an area of about 
14 million square miles, for four years, for four seasons and for 30 harmonics. 
The phases are not considered, for they are of necessity automatically rejected 
when Tukey’s methods are used. 

T have spent several weeks analyzing these data. The ‘‘power’’ corresponding 
to any frequency in the spectrum there depends on the square of the amplitude 
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of that component. An analysis of the data, which I have given in an incomplete 
letter to Glenn Brier, shows that there is a very large dependence of the power 
on the latitude, the values being much lower for 20° and 30°N latitudes than 
for those further north. Second, there is a definite variation of the power with 
longitude, the longitudes from 100° to 120°W giving considerably lower values 
than the longitudes ranging from 60° to 90°. It thus appears that the power 
in the spectrum is lower, in general, over the continents than over the oceans. 
There is also a seasonal effect; the power is lowest in summer and about three 
times higher in winter. 

To me the most important result is that, when all the data for three nonseeding 
years are averaged together for moderate latitudes, and the power is plotted 
on semilogarithmic paper against the frequency of the harmonic, fairly straight 
lines are obtained that give no significant maxima or minima. Thus, there 
is no predominant natural tendency for a maximum periodicity at 7 days or 
at any neighboring frequency. 

However, in the year 1949 to 1950, beginning in winter (December 1949), 
becoming most prominent in the spring of 1950, but being still perceptible in 
the summer and fall, there is a very striking maximum in the periodicity centering 
at 7.0+0.2 days. 

This is good evidence that the effect of the Project Cirrus periodic seedings 
was to introduce a 7-day ‘‘spectral line” into an otherwise continuous, smooth 
power spectrum. Thus, this 7-day periodicity did not depend on a resonance 
or enhancement of some naturally occurring frequency of the atmosphere. 
This result is completely in line with the observations which we made in 
studies of the harmonic analysis of the 7-day periodicities in upper air tempera- 
tures as shown in Tables III and IV, on pages 478 and 481 of the present report 
and on page 429 of the 1953 Report. 

Dr. Max Woodbury has agreed with this interpretation of this power spectrum 
analysis of the 700-mb heights. I would like to see an objective study of this 
work continued by some other group. As far as I know, no use has been made 
of this extensive and very costly work carried out for the Navy. 


Recommendations 


Recommendations Regarding the Program for Project Scud 


Project Scud is a classified project and I have not been permitted to know 
in detail any of the results of the program or even the people who are working 
on it. I think, however, I have gathered the following information, which is 
probably not classified. Some of the characteristics of the project are as follows. 
(1) A group of experts study the synoptic weather conditions with a view 
to anticipating the probability of conditions favorable for cyclogenesis. When 
they think that a suitable opportunity has arisen, they indicate that an experiment 
should be made, to produce cyelogenesis by widespread seeding with silver 
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iodide. (2) There is a second group who carry out seeding operations that 
are specified by the experts of Group 1, but they randomize the experiments 
by choosing one out of each pair of successive experiments for the seeding 
operations, the other one of the pair being thus unseeded. Then the experts 
of Group 1 became the evaluators of the experiment and, without knowing 
whether in any particular case seeding was or was not done, they attempted 
to evaluate the evidence that cyclogenesis did occur. They do this for one 
whole year before they know the actual seeding schedule By the randomization 
they expect ultimately to decide whether or not seeding did have any significant 
effect upon cyclogenesis. 

The design of this experiment is based on the false hypotheses that the 
effects of seeding are of linear type: that is, that the successive seeding experi- 
ments have nothing to do with one another. Also, it involves the hidden as- 
sumption that effects of seeding in general will be small. In my opinion, the 
widespread effects of single seedings may well be small and difficult to detect, 
just as the effect of a shock of static excitation on a frequency-modulation 
circuit is also small. With such circuits, the effects are detected only when 
an incoming signal reacts with the receiving circuit so as to produce a frequency 
modulation. We should also expect that widespread weather modifications 
should show a similar insensitiveness to single silver iodide seedings or to the 
omission of single seedings. The design of the experiment therefore appears 
based upon concepts that are incompatible with the results of our findings 
in Project Cirrus, where the omission of single week’s seeding had no effect 
on the periodicities that were set up in the atmosphere. 

I would recommend for Project Scud a program designed especially to produce 
large effects by the combined nonlinear. effects of several seedings. It would 
be well to make experimental plans which do not depend upon the skill of 
experts for the setting of the times of seeding. Some day such experts may 
exist, but at present they are in the class of supermen. 

Experiments should not be based on the assumption that effects of separate 
seedings are independent and superimposable. It is better to use a series of 
seedings for each unit of the experiment. 

On October 9, 1953, I wrote up several pages of notes summarizing the 
recommendations I made for Project Scud at the conferences that were held 
with Naval officers and with Dr. Max Woodbury. I will quote from these notes. 


“I propose seeding schedules in which, for an interval of about 4 weeks, 
periodic seedings should be made. In each period for 2 consecutive days 
seeding is done, and in the remaining days there is no seeding. The fre- 
quencies that may be adopted should be selected from, we’ll say, 6-, 7-, 
8-, 9-, or 10-day periodicities, and the time of beginning of the group of, 
say 4 periods, as well as the frequency to be adopted, should be chosen 
by random choice. 
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‘*For at least 3 weeks before the start of each cycle, of say 4 to 5 seedings, 
no seeding should be carried on. For example, if the random choice deter- 
mines that the seeding shall be for a 6-day periodicity beginning on a certain 
randomly chosen day, the seeding is carried on continuously for 2 days 
and then for 4 days there is no seeding, then 2 days on and 4 days off, etc. 
At the end of say 4 or 5 weeks of such an experiment (again determined 
by random choice), the first experiment should terminate and there should 
be a gap of at least 3 weeks before starting a second cycle. 

‘‘With such a plan, there is no need for secrecy or at least for prevention 
of the knowledge of the seeding schedule from being passed back to the 
evaluators. Therefore, they can make evaluation studies continuously even 
during the course of the experiments, and in this way they may gain know- 
ledge which will help them to make a better design for future experiments. 
By choosing different periodicities and different phases and by looking 
for large effects, they may learn by experience how to modify their future 
plans. They may find for example, that the best thing to do is to repeat 
several cycles a predetermined number of times with the same frequency, 
or they may elect in advance to continue choosing a set of randomized 
frequencies to determine which frequency gives the best results. 

‘‘No limits should be placed on what is to be looked for. I suggest that 
with the 6-day seeding periodicity for say 5 periods one may look for cyclo- 
genesis, study the motions of these cyclones, and determine whether there 
is a tendency for the cyclones to follow at 6-day intervals. The cyclones 
are perhaps to be defined quantitatively by the presence of closed isobars 
surrounding a low or by the depths of any troughs that may develop. 
The velocity of propagation should also be studied by methods much like 
those we have used in Project Cirrus. Also, see if 6-day periodicities of 
temperatures or of air pressures at selected stations appear over the 
United States or over the North Atlantic and in Europe. Over the United 
States and Western Europe one may also look for a 6-day periodicity in 
rainfall. 

‘A particular merit to this approach is that it enables the evaluators 
to study the transient effects at the start of each cycle of say 5 pairs of seeding 
days and also to determine the transientleffects that occur after the seeding 
is stopped during the 3-week interval without seeding. 

“Imagination and ingenuity are needed to explore the possibilities 
of other phenomena that are related to the periodicities. With the absence 
of secrecy there would be an increase in enthusiasm and more opportunity 
for imagination. 

“If, after continuation of this type of experiment for a certain length 
of time, some technique is found which gives a highly significant periodicity, 
say of 6 days, then a schedule should be proposed in which the identical 
experiment is repeated two or three consecutive times to obtain statistical 
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evidence and verify tentative conclusions. Judging from our work in Project 
Cirrus, large effects should be produced which are of extremely high sig- 
nificance, especially if they are based on past experiments which can now 
be repeated with similar results.” 


I told Dr. Woodbury of the evidence that I had on the existence of time 
and space clusters and pointed out that the objectives of Project Scud should 
be to find the conditions for producing such clusters at will. 

The Cloud Physics Project of the University of Chicago 

In supplementing Appendix D, the report made to the Advisory Committee, 
I recommend that large effects should be looked for, in past as well as in future 
experiments. I propose that whenever possible in these experiments, the rate 
of growth in the height of clouds should be measured for about 10 minutes 
before seeding and the height of the cloud should continue to be measured 
for about a half an hour after the seeding. The evidence of the effect of seeding 
should be based largely upon a measurement of the rate of growth of the volume 
of the cloud from which echo is obtained. There should also be a study of 
the rate of vertical and horizontal spread of this echo volume and the altitude 
of the first echo as compared with that of the plane at the time of seeding. 
It should be determined whether there is any sudden change in the height 
of the cloud or in the rate of growth of the height of the cloud after the develop- 
ment of the first radar echo. 

If no echo develops within 10 to 15 minutes of the beginning of the study 
of any cloud, and if the cloud height has risen to conform to some predetermin- 
ed specification, then seeding is to be done. 

Blank runs should be made to determine whether flying through a cloud 
doesn’t often cause it to give rain. Such rain, however, probably causes the 
development of radar echo at a slower rate than when seeding is done. 

After seeding, observations should be made by flying through the cloud and 
determining the height and time at which the first radar echo appears. The 
rate of increase in the volume and the height at the bottom and the rate of 
horizontal spread of the echo are to be measured and plotted. The seeding 
hypothesis suggests that seeding can dissipate a cloud without giving heavy 
rain. This occurs particularly with clouds which are decreasing in height 
or are growing only slowly. With seeded clouds that are growing rapidly in 
height, radar echoes develop probably in less than 5 minutes, and the echo 
grows in volume and in vertical and horizontal dimensions very much more 
rapidly than in clouds that develop echoes spontaneously. 

Thus we should look for big effects: unusual rates of growth of echo vol- 
umes. If we find them, then experiments should be devised to produce the 
large effects more frequently. At about this stage of the experimentation, 
randomization should be started, unless the results are already so striking 
that further statistical analysis is not needed. It is unwise to design experiments 
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in which randomization is made in the early experiments before good ex- 
perimental techniques have been developed. The first part of any such ex- 
periments is to look for the conditions that lead to large effects. Then, if those 
are found, statistical confirmation of their reality can be planned if desired. 


Recommendations for Further Work by the Cloud Physics Project 

Both the equipment of the plane and the experimental technique that has 
been evolved by the Cloud Physics Project are remarkably good, and I under- 
stand from Mr. Schaefer that these planes now are coming near the end of 
their life and the apparatus may be transferred to other, better planes. Various 
suggestions have been made as to the best type of experiments to carry on 
in the future. I understand that the later results from Puerto Rico have been 
very encouraging, and the suggestion has been made that another season at 
Puerto Rico be planned. I think that the conditions for experiments with 
warm clouds in Puerto Rico are not nearly as good as they are in the Hawaiian 
Islands. A project has been proposed for very intensive study during October 
and November 1955 of the production of rain from warm clouds in the Hawaii- 
an Islands. There they have an excellent coverage of rain gages over a wide 
area and will have planes and mountain tops for observation and, if necessary, 
for carrying out seeding. Under these conditions, it seems undesirable for the 
Cloud Physics Project to continue work in Puerto Rico. The conditions are 
marginal there for obtaining successful seeding results. 

It is intended in the fall to carry on experiments in the midwestern states 
on cumulus clouds. This sounds good, but far the best use that could be made 
of the equipment and personnel of the Cloud Physics Group is to carry on 
experiments in Arizona where really ideal conditions exist for the production 
of ‘‘large effects’, which I anticipate will be characteristic of well-designed 
experiments. I want to emphasize particularly the importance of further ex- 
perimentation in the southwestern states of Arizona and New Mexico, not 
only to study the effects produced by the seeding of individual cumulus clouds, 
but also the widespread effects of seeding. 

I think it has been relatively unprofitable to carry on experiments in the 
states of Washington and Oregon, such as has been done by the Weather 
Bureau. The heavy rains that occur spontaneously in this region even without 
the necessity of cold clouds greatly decrease the sensitiveness of these ex- 
periments. The need for randomization, which is very time-consuming and 
expensive, would largely be avoided if the work were carried out by airplanes 
and ground stations in Arizona. 

I would very much like to confer with those who are planning programs 
of this kind for the future. 


Recommendations Regarding Further Experiments on the Seeding of Hurricanes 


On 13 October, 1947, a tropical hurricane was seeded by the operations 
group of Project Cirrus. This was described on pages 212 to 213 of the 1953 
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Report. A more detailed description, with a map of the path of the hurricane 
at 6-hour intervals, was given in a paper I read before the National Academy 
of Sciences on November 17, 1947. This paper was later published in the 
Proceedings of the American Philosophical Society (92, 183—185, 1948). About 
80 pounds of dry ice was dispensed along a 110-mile track southeast of the 
eye of the hurricane at an altitude of about 19,000 feet. The map shows that 
the direction of the hurricane changed through an angle of 120° to the left 
within about 6 hours after the seeding. Instead of moving towards the north- 
east, it suddenly swung to the west and struck the coast of Georgia. Simultane- 
ously with this change in direction, there was a change in character from that 
of an extratropical storm to the small-diameter, slow-moving hurricane char- 
acteristic of the tropics. There are good reasons, discussed in the 1953 Report, 
for believing that this change in direction and in character was prodiiced by 
the dry ice seeding. 

It would seem that a hurricane should be particularly easy to modify by 
dry ice or silver iodide seeding. The clouds at the proper altitude are highly 
supercooled, and therefore profound modifications can be made by introducing 
nuclei. There are obvious reasons for not experimenting with hurricanes near 
the coast of North America, but it would seem very important to learn how 
such storms can be controlled. This would require experimentation with 
typhoons far from any inhabited lands. 

There are three types of seedings that might be tried. 

First, the mature storm could be seeded, as was done on October 13, 1947. 

Second, the storm might be seeded with silver iodide from ships at sea 
level within the large area in which typhoons can develop. It would seem 
that silver iodide nuclei would cause the typhoon to start prematurely 
before a large amount of potential energy had been stored up. Such seeding 
would tend to produce more frequent storms but of much lower intensity. 

Third, the storm could be seeded with dry ice or silver iodide when 
it is in an early stage of its development, but after it has assumed the 
characteristics of a typhoon. The purpose would be not to stop the storm 
or prevent it from forming but to control its path. 


The first experiments should be of a preliminary nature to see whether 
very remarkable changes do not occur as a result of seeding. Later, after 
the best techniques have been evolved, there would be ample time for 
planning randomized experiments if they were needed. 

I think programs for the study of the effects of seeding ‘eihionnd and 
hurricanes should receive very serious consideration. 
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Analysis of Certain 7-day Periodicities in Rainfall 


The calculation of the significance factor SF from tables of F ratios is 
described on pages 255 to 258 of the Report. For the degrees of freedom », = 36 
and », = 454 for D, and D,, respectively, interpolations from the tables give 
F = 1.42 for SF = 20, and F = 1.770 for SF = 200. The significance of 
F = 4.93 is evidently very high indeed. The value of », = 454 is so large 
that F = 1.770 for SF = 200 is only 3.0 per cent higher than for the limiting 
casé % = oo, in which 


F = XJ», 


where ‘‘chi-square”’ is tabulated, for example, in terms of SF and », in a book 
by O.L. Davies.* For values of », > 30, it is stated that the probability cor- 
responding to X* can be found by determining 


u = Y2X8*— 2-1, 
where u is a nornial variate with zero mean and unit variance. The probability 


can then be found from u by tables of the normal distribution functions. In 
terms of F and »,, the equation becomes 


u = \/2v,—-(V F—1+1/4%). 


For large values of u greater than about 2, the values of SF can be calculated 
from a semiconvergent ‘series: 


logy) SF = +0.400+-0.217u?+-0.434/u?+ logy) u. 


For », = 36 and F = 4.93, as given above, we then have u = 10.30 and SF = 
3 x 10%, 


* O.L. Davies: Statistical Methods in Research and Production, 2nd edn. (1949). Table B 
on page 268. 
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Taste A-II 
Variance Analysis and Significance Factors for the 7-Day Periodicities Shown 
in Table A-I 

| 37 Cycles Spell a Spell b | Spellc Spell d | Group e | Group f 
Line Items 137 9 Cycles | 6 Cycles | 6 Cycles | 9 Cycles | 2 Cycles | 5 Cycles 
2—10 | 11—16 | 17—22 |1,23—30] 31,33 | 32, 34-37 

25 | S(R*/N)| 8,507,738 |/3,790,990 | 702,790 |1,768,538 |1,005,962 |2,169,207 | 937,622 
26 | S(C*/N) | 10,265,692 |'4,081,776 | 725,100 |1,646,507 |1,000,403 |1,965,424 | 846,482 
27. | Dr 6,624,020 ||2,015,190 | 430,779 |1,067,056 | 643,583 | 786,233 | 610,123 
28 | Dr 82,705 || 138,702 | 40,889 | 154,850} 84,761 | 345,476 | 114,342 
29 | De 1,840,659 || 429,488 63,199 32,819 79,202 | 141,693 23,202 
30 | De 4,700,656 |\1,447,000 | 326,691 | 879,387 | 479,620 | 299,064 | 472,579 
31 | Vr 6361 10,669 3145 11,911 6520 | 26,575 8795 
32 | Ve 51,129 || 53,686 | 12,640 6563 9900 | 141,693 5800 
33 Ve 10,353 13,913 5104 13,740 4894 27,187 9246 
34 | Fr 0.61 0.77 0.62 0.86 1.33 0.97 0.95 
35 | Fo 4.93 3.86 2.48 0.48 2.02 5.21 0.62 
36 (SF)r <2 <2 <2 <2 4 2 2.0 
37 (SF)c 3x 10" 3500 27 <2 20 22 <2 


























R is used for sums of Rows (subdivisions): C is used for sums of Columns (cycles). 


Degrees of freedom: 

For Dr, N—1, where N is given in Line 19, Table A-I; 
For Dr, 14—1 = 13; 

For Dc, Nc—1, where Ng is given in Line 2, Table A-I. 


Tasie A-III 
Details of the Variance Analysis of the Data of Columns 2, 3, and 4 of Table 


A-I for 14 Rows (Subdivisions) and for 37 Columns (Cycles) (These Data are 
Summarized in Table A-II) 























| Deviances Dearess of | Variance | F SF 
Total | Dp = 6,624,020 503 13,169 ane dl 
14 Rows (subdivisions) | Dgp= 82,705 13 6361 0.61 _ <2 
37 Columns (cycles) | De = 1,840,659 36 51,129 | 4.93 | 3x10" 
Errors, residual, etc. | Ds = 4,700,656 454 | 10,352 | 1.00 
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APPENDIX B 


Chapter 12 (Second Revision) Final Report, Project Cirrus, Part II (1953) 
(First Revision: May 15, 1953) 


Seven-day Periodicities in Rainfall 
and the Phase Propagation over the United States 


Chapters 5,6, and 7 have dealt with the periodicity in rainfall in Cycles 2 to 6. 
We have not yet made a detailed study of the progression of the phases of the 
rainfall across the United States. In the present chapter, we will give data 
on the values of CC(28), and the phases ¢ for the rainfall in the 15 subdivisions 
of the United States that are shown in Fig. 7-1. 

Table 7-XII summarized the values of CC(28), and the phases for the whole 
United States during Cycles 2 to 6. A variance analysis was made of the data 
in Table 7-XIII which listed the values of 10*r*. The low values of r® in the 
nonseeding cycle, Cycle 1, and the exceptionally high values in Cycle 6 were 
extremely significant, with SF about 10°. Cycle 2, 3, 4, and 5, however, were 
not significantly different from one another. The periodicities extended over 
the whole United States but were somewhat more marked in Subdivisions 
A, F, and I, which were in the neighborhood of the Ohio Basin. 

In Chapter 4, Table 4-I, the seeding schedules were given during the first 
six cycles. Table 12-I extends this list of seeding cycles with their starting 
dates, The periodic seedings continued until the end of Cycle 22. After that, 
‘no periodic seeding was done by Project Cirrus. From Cycles 2 to 12, the 
seeding was done by one generator operating from 8:00 a.m. to 4:00 p.m. 
on each Tuesday, Wednesday, and Thursday, except that in Cycles 4 and 5 
seeding was done only on Tuesday and Wednesday. Column 6 gives the mean 
phase of the seeding days. 

Beginning with Cycle 13 on 15 October 1950, the seedings were done by 
operating three generators for one day instead of one generator for three days. 
For Cycles 13 and 14 the seeding day was Monday; for Cycles 15 and 16 it 
was Friday—and these alternations continued as indicated in Column 6. The 
phases of the odd-numbered cycles—13, 15, 17, etc.—are 0.33 day greater 
than those on the even-numbered cycles. In these odd cycles the seeding was 
from 4:00 p.m. until midnight, whereas in the even-numbered cycles it was 
from 8:00 a.m. to 4:00 p.m. To investigate possible photodeactivation of the 
silver iodide, it was desired to know whether the effect of seeding done in 
daylight was any different from that produced by seeding done at night. 

In the present chapter we shall give tables containing the correlation coef- 
ficients CC(28) and the phases for all the subdivisions and all the cycles from 
7 to 29. Table 12-I contains a summary of many of these results, The correla- 
tion r given in Column 4 is the root-mean-square value of all the correlation 
coefficients in each of the cycles. The third column gives the number of sub- 
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Tasxe 12-1 


Analysis of 7-Day Rainfall Periodicities During 29 
Successive 28-Day Cycles over 15 Subdivisions of U.S.A. 
(2,500,000 square miles) 
r= CC(28)z by FYOS (or 3-Class for Cycles 1 to 10) 






























































1 2 3,4 {5 |] 6 |; 7 | 8 
P Corr. Phase Subd. 
Cycle Starting N | Coef.| Ay of with i 
| r Seeding | r>0.52 
1 |13Nov.49 | 11 [0.239 |0.059| None| 0 | 0.35 
2 |11Dec.49 | 15 |0.409 |0.188| 3.0 3 0.54 
3 | 8Jan.50 | 15 |0.363 }0.146| 3.0 1 0.54 
4 | SFeb.50 | 15 | 0.402 |0.184/ 2.50 2 0.62 
5 | 5Mar.50 | 15 |0.417|0.212| 250 : 3 0.65 
6 | 2Apr.S0 | 15 |0.552]0.386| 3.0 | 9 0.73 
7 |30Apr.50 | 14 {0.398 10.187: 3.0 2 !0.76 
8 |28May50 ' 14/0312 |0.113} 3.0 0 0.51 
9 |25June 50 | 14|0.442 0.250} 3.0 | 4 0.69 
10 | 23 July 50 lee 0.153] 3.0 , 2 0.60 
11 |20Aug.50 | 13 |0.306 |0.100| 3.0 0 | 0.45 
12 |17Sept. 50 | 15 }0.305 |0.101 | 3.0 1 0.53 
13 |15Oct.50 | 15 | 0.336 |0.126] 1.33 0 !052 
14 |12.Nov.50 | 15 |0.226 |0.053 | 1.0 0 | 0.33 
15 |10Dec. 50 | 15 \0.351 |0.136 | 5.33 2 10.55 
16 | 7Jan.51 | 15 |0.239 |0.060| 5.0 0 0.40 
17 | 4¥Feb.51 | 14 /0.378 [0.161 | 1.33 1 0.60 
18 | 4Mar.51 | 15 | 0.361 |0.157| 1.00 1 0.66 
19 | 1Apr.51 | 140.401 /0.192 | 5.33 2 0.74 
20 | 29 Apr.51 | 15 |0.326 |0.116| 5.0 1 0.57 
21 | 27May 51 | 13 |0.361 |0.167| 1.33 2 0.72 
22 |24June 51 | 13 |0.412]0.195| 1.0 2 0.64 
23 | 22 July 51 | 13 |0.274|0.079 | None 0 0.41 
24 |19 Aug. 51 | 13 |0.268 |0.077| None 0 0.48 
25 | 16 Sept. 51 | 14 | 0.264 | 0.074 None 0 0.38 
26 |14Oct.51 | 14 |0.342 |0.117| None 0 0.47 
27 |11.Nov. 51 | 15 |0.388 |0.176 | None 2 | 0.68 
28 | 9Dec. 51 | 15 |0.315 |0.108| None () 0.52 
29 | 6Jan.52 | 14 |0.288 |0.088 | None 0 - | 0.45 








divisions at which correlation coefficients were obtained. Where this number 
is below 15, there was too little rainfall in some of the subdivisions to permit 
an adequate determination of the correlation coefficient. The square of the 
value given in the fourth column is, therefore, the quantity that we have called 
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M. Column 5 gives Ay, which is the mean value of 4 for all the subdivisions, 
where A is defined by Eq. (10-13). In general, it has a value only slightly greater 
than r*, 

During the nonseeding cycles—that is, in Cycle 1, Cycle 23, and those 
that follow—the values of 4, are much lower than in the seeding cycles. The 
highest values of Ay occur during Cycles 2 to 6 and in Cycle 9. There are 
five out of the twenty-one seeding cycles—viz., Cycles 8, 11, 12, 14, and 16— 
that show low values of Ay, the average of these being 0.085, which is even 
lower than the average 0.097 for the eight nonseeding cycles. 

Column 7 gives for each cycle the number of subdivisions having r values 
greater than 0.52. Column 8 gives the maximum of the correlation coefficient 
observed in each of the cycles. Columns 5, 7, and 8 show parallel variations, 
although Column 8 gives information only about the highest value and Column 
7 gives the total number of subdivisions that have r values in excess of 0.52, 
which is equivalent to r* greater than 0.270. 

Table 10-I contained a summary of the Weather Bureau data on the perio- 
dicities in the 750-mb temperatures within the area of the United States as 
defined by the boundaries of the 30°N and 50°N parallels of latitude and the 
70°W and 120°W meridians. The ninth column gave the number of stations 
within this area that showed r* values greater than 0.25. These were compared 
with the correlation coefficients (in Column 3) that had been found by Hubert 
in his study of the latitudinal fluctuations of the isotherms along the 90-degree 
meridian as given in Table 9-VIII. The values listed in the ninth column 
of Table 10-I extended only to the eleventh cycle because that is as far as 
Hubert’s observations had extended. 

In Column C, Table 12-II, these same numbers are extended to the eight- 
eenth cycle, which is as far as we have data from the Weather Bureau. Column 
A in Table 12-II gives a measure of the rainfall periodicity from Column 5 
of Table 12-I, and Column B represents the number of subdivisions of r greater 
than 0.52, as given by Column 7. 

This table is designed to give a rough measure of the variation in the perio- 
dicity of the rainfall between the various cycles and to compare this with the 
variation of the periodicity in the 700-mb temperatures. This comparison 
is made by obtaining the correlation coefficient between pairs of figures in 
A and B and C, or C and A as given at the foot of the table. These correlation 
coefficients are very high. Between A and B, the two methods of testing for 
rainfall periodicity, the correlation coefficient was 0.9425, which corresponds 
to a significance factor of 10!® for 26 pairs of observations. The rainfall as 
measured by 8, when compared with C, the 700-mb temperatures, shows 
a correlation of 0.928, with a significance factor of 10!°. The comparison between 
C and A gives a correlation coefficient of 0.897, with SF = 10°. In this case, 
the values of 104 for Cycles —1 and 0 have been assumed to be 10, which is 
about the value corresponding to no significance. 
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Tare 12-II 


A Comparison of 7-Day Periodicities in Rainfall and in 
700-mb Temperatures in Successive Cycles 























A B | Cc 
Cycle Rainfall Table 12-1 ee 
Table 12-I Column 7 r>0.50 
10% No. of Subd. ns 0250 
> 0.52 
-1 | (10) | - 0 
0. (10) - 0 
1 6 0 0 
2 ge, ( ena zd a 
3 15 1 1 
4 18 2 | 3 
5 | 21 3 7 
6 i 39 9 14 
7 | 19 2 1 
8 | ret 0 2 
9 25 4 6 
10 | 15 2 1 
1 10 0 0 
12 | 10 1 1 
13 13 0 1 
14 5 0 0 
15 14 2 0 
16 6 0 0 
17 16 | 1 | 1 
18 16 1 | 2 
19 | 19 2 - 
20 12 1 - 
21 i 17 2 = 
22 20 2 - 
23 | 8 : 0 - 
24 | 8 : 0 - 
25 | 7 0 
26 12 0 = 
Correlations: 
d, d, F SF 
A,B CC(26) = 0.9425 1 24 190 10" 
B,C CC(18) = 0.928 1 16 99 10 
C,A CC(20) = 0.897 1 18 74 10° 
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We can draw several interesting conclusions from these results. The months 
of no seeding—that is, Cycles —1, 0, and 1 and Cycles 23 to 26—show very 
low values of periodicities in rainfall by both methods as compared with the 
values obtained during the seeding months. It is also evident that the values 
in the seeding months were particularly high in Cycles 2, 5, 6, and 9, and 
during many cycles—especially Cycles 11, 14, and 16—the seeding gave no 
high values of any of these variables. 

In Chapter 10, the periodicities in the 700-mb temperatures which were 
studied in considerable detail for Cycles 2 and 6 were found to be of very high 
significance. Cycle 5 shows, according to the Weather Bureau data, a cluster 
of 12 contiguous high values in which 10*? exceeds 200. However, in general, 
in the other 15 cycles of seeding no such marked clusters were noted, with 
the exception of Cycle 9. 

The rainfall data in Column B show that Cycles 2 to 6 gave consistently 
high values of r*. Cycles 7 to 10 showed several high values, but Cycles 11 
to 14 gave not much more periodicity than occurred in the nonseeding cycles. 
However, Cycles 15 to 22 again showed sporadically rather high values. 

We have, therefore, tested the high correlation between Columns B and C 
shown at the bottom of Table 12-II to see whether it would still be significant 
if we omit Cycles 2 and 6. We then find CC(16) = +0.76, with SF = 1600. 
If we also leave out Cycle 9, the correlation coefficient falls to CC(15) = +0.56 
with SF = 40. 

This comparison of Columns B and C proves that the parallelism between 
the rainfall and the upper air temperatures is not limited to Cycles 2, 6, and 9 
but extends also to the other cycles, at least up to Cycle 18. 

Within the United States the periodicities in the 700-mb temperatures 
are thus significantly related to the seeding schedule during nearly all of the 
17 seeding cycles that were covered by the data. Mr. Ferguson Hall, on the 
other hand, stated that his inspection of the data ‘‘fails to disclose any signifi- 
cant concentration near the United States.” : 

The horizontal lines drawn across Table 12-I show the subdivisions of the 
cycles into groups according to the relative frequency of occurrence of signifi- 
cant periodicities. The sporadic nature of this periodicity, especially in Cycles 
11 to 14 and in Cycle 16, suggests a masking effect caused by commercial 
seeding operations, which during this year were increasing very rapidly in 
number. In the paper by the writer presented before the New York Academy 
of Sciences on 23 October 1951, a summary of the commercial seeding activ- 
ities was given, as follows: 

“After May 1950, however, the periodicities became somewhat sporadic, 
although highly significant periodicities over large areas still occurred 
during more than half of the cycles after July 1950. Presumably the large 
amount of commercial silver iodide seeding in the western states (not done 
with a weekly periodicity) masks the effects of the periodic seedings in 
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New Mexico. By a map, prepared by Dr. Vincent J. Schaefer, the areas 

were shown in which known seeding operations have been carried out in 

1951. In 15 states west of the 95°W meridian (excluding Texas) about 

500,000 square miles or 37 per cent of the total area of these states were 

under seeding contracts during 1951.” 

This activity had been increasing during 1950, so it is only natural that 
such irregular seeding should occasionally interfere with the observance of 
clean-cut 7-day periodicity. The action is, however, sporadic because when 
there is enough rain from natural causes the commercial seeding operations 
tend to decrease. Therefore, at times, especially in the West during the heavy 
rains in the spring of 1951, the 7-day periodicities again increased in magni- 
tude. However, they were never comparable in magnitude with those observed 
in Cycle 6. 

During seven months, beginning with November 1951, we have day-by-day 
seeding schedules furnished us by one of the large operators. During this 
time there were 25,000 generator hours of seeding in an area covering 13 western 
states. This is about 3500 generator hours per month. When Project Cirrus 
was doing its periodic seeding, it used only about 78 generator hours per month. 
Thus, the average seeding done by this one operator in 1951 amounted to 
more than 40 times as much per month as was ever done by Project Cirrus. 
Tt is hardly surprising, therefore, that the observed periodicities should be 
sporadic. 


Analysis of the Periodicities During the Eight Nonseeding Cycles 


The raw data for the correlation coefficient r = CC(28), and the phases 
¢ are given in Table 12-III. The data for Cycles 2 to 6 have been given in Table 
7-XII. The corresponding values of 10%* are in Table i2-IV, together with 
a variance analysis according to rows and columns. The sums R for the separate 
subdivisions do not differ significantly from one another, the F-ratio being 
1.01. The columns show only a very moderately significant variation with 
SF = 30. However, if we group the columns in two groups—Cycle 27 and 
the other seven nonseeding cycles—we find that the variance ratio is 10.0, 
with SF = 630. That is, Cycle 27 shows a greater average value of r*, which 
is highly significant, but taking all the columns together there is very little 
significance in this variation. 

This ‘‘population” of variates during the eight nonseeding cycles is ap- 
parently rather homogeneous. Therefore, in Table 12-V we may make an 
analysis of the distribution function for rainfall periodicities just as we did 
for the nonseeding data of Cycles —1, 0, and 1 for the 700-mb temperatures 
in Table 10-V. The average value of r* is M = 0.0920, which gives m = 0.87. 
To find B we must divide m by 11.0 and not by 12, because we are now dealing 
with values of CC(28), and not with uncorrected values such as we had for 
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the temperature data. Therefore, 8 = 0.897, nearly the same value as for the 
average of the four cycles for the upper air temperatures in Table 10-V. 

Substituting this value of M in Eq. (10-1), we calculate the values of P 
given in the second line. Since there were 109 observations of r* listed in Table 
12-IV, we calculate 109 x 4P as given in the fourth line of the table. 

The fifth line of the table gives N,,,, which is the number of observations 
shown in Table 12-IV which lie within each of the five classes. The last line 
of the table gives the difference between the observed and the calculated numbers 





Tasxe 12-III 
Rainfall 7-Day Periodicities and Phases for 15 Subdivisions 
during the 7 Nonseeding Cycles 


Sub- Correlation Coefficients r = CC(28)r 





division il 23 


24 


25 


26 


27 


28 


29 





0.278 | 0.053 
0.210 | 0.24 
0.285 | 0.268 
0.295 | 0.412 
0.187 | 0.17 
0.254 | 0.33 
0.347 | 0.33 
0.053 
| — | 0.414 
— | 0.134 
0.305 | 0.31 
0.046 | 0.26 
0.107 | 0.27 
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0.30 
0.16 
0.44 
0.25 
0.16 
0.25 
0.19 
0.24 
0.24 
0.48 
0.21 
0.13 
0.18 


0.202 
0.18 
0.04 
0.11 
0.27 
0.38 
0.28 
0.08 
0.32 
0.26 
0.38 
0.36 
0.34 
0.15 


0.47 
0.35 
0.39 
0.45 
0.31 
0.22 
0.11 
0.38 
0.31 
0.33 
0.41 
0.16 
0.45 
0.19 





0.18 
0.30 
0.06 
0.29 
0.20 
0.52 
0.42 
0.16 
0.37 
0.41 
0.20 
0.47 
0.40 
0.68 


0.58 


0.387 | 


0.161 
0.386 
0.257 
0.450 
0.149 
0.216 
0.135 
0.520 
0.206 


0.236 


0.300 
0.382 
0.441 


| 0.063 | 


0.17 
0.21 
0.21 
0.28 
0.22 
0.36 
0.30 
0.18 


0.38 
0.45 
0.36 
0.20 
0.28 
0.27 





Phases 





6.00 | 1.63 
6.81 | 2.28 
0.33 | 1.31 
0.13 | 4.74 
5.63 | 1.15 
4.32 | 2.44 
2.19 | 1.40 
0.55 
| 3.81 
| — | 4.13 
5.64 | 2.16 
4.96 | 4.67 
6.23 | 5.36 
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+ 2.70 
1.70 
4.91 
6.50 
2.38 
35.6 
4.60 
2.82 
2.26 
0.13 
1.90 
5.7 

2.2 





5.65 
0.47 
0.92 





0.21 
2.07 
1.36 
1.46 
41 

5.61 
6.38 
2.64 
44 

3.55 
5.52 





2.38 | 


2.31 
4.02 
3.88 
3.00 
2.18 
2.18 
2.70 
2.82 
0.46 
6.71 
0.19 
0.04 
0.13 





0.14 
2.38 
4.19 
5.35 
3.36 
2.46 
3.10 
0.60 
6.90 
0.01 
2.28 
4.00 
5.53 
1.31 
1.48 





3.15 
5.72 
3.86 
4.44 
4.15 
4.55 
2.49 
2.98 
3.62 
5.37 
3.12 
2.59 
6.26 
6.07 
3.29 





6.25 
2.24 
5.85 
0.74 
1.04 
0.85 
0.07 
0.60 


0.27 
1.71 
0.65 
4.90 
3.51 
5.02 
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Taste 12-IV 
7-Day Rainfall Periodicities in the Eight Nonseeding 
Cycles 
Values of 10*7* 
r= CC(28)R 

Subdi- Cycles 

vision |" | 23 | 24 | 25 | 26 | 27 | 28 | 29 aaa bk 
A 77 2 90; 40 | 221 31 | 150 29° 640| 8 
B 44; 58 | 26) 32/122] 92] 26] 45 445! 8 
Cc 81 73 | 194 2} 152 3 | 149 43 697) 8 
D 87 | 168 62 12 | 202 87 66 77 761! 8 
E 35 | 29] 26] 73 | 96| 38| 202) 49 548] 8 
F 65 | 109 62 | 144 48 | 270 22 | 128 848] 8 
G 120 | 109 36 78 12 | 175 47 93 670| 8 
H — 2] 58 6| 144) 24) 18] 31 283} 7 
I — | 168 58 | 109 96 | 137 | 270} — 838 | 6 
J _ 17 | 230 | 68 | 109 | 168 | 42 | 146 780| 7 
K 93 96 44 | 144 | 168 39 56 | 201 841/ 8 
M 2) 68| 17] 109] 26/219} 90] 38 569| 8 
N 11 73 32 | 116 | 202 | 158 | 146 | 130 868| 8 
oO 16} —!|' — 22 | 36 | 479 | 194] 79 826| 6 
P _ _ — _ — | 347 4 75 422) 3 

Sum | 631 | 972 | 935 | 955 |1634 |2263 |1482 |1164 |10,036 

N 11 13 13 14 14 15 15 14 109 




















SS = 1,589,648 S/N = 924,048 D(r*) = 665,600 


Variance Analysis: 





| Deviance | | | F | SF 








D(r') 665,600 | 108 6162 
D(Rows) 80,085 14 5720 | 1.101 | ca. 2 
D(Cols.) 92,537 7 13,219 | 2.333 | 30 
D(Res.) 492,978 87 5666 





Now consider Cycle 27 vs the other 7 Cycles: 





D(r') 665,600 | 108 
D(Col.27) | 60,123 1 | 60,123 | 10.62 | 630 
D(Res.) 605,477 | 107 5659 | 1.00 

















within these classes. The standard deviation, S.D., is 0.77, which is only 0.70 
per cent of the total number of observations. 

We have thus proved that the distribution function for the eight nonseeding 
cycles for 15 subdivisions of the United States follows the Fisher distribution 
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Taste 12-V 
Comparison of Observed and Calculated Distribution Function for 7-Day Rainfall 
Periodicity during the Eight Nonseeding Cycles 
M = 0.0920; m = 9.87; B = 0.897 
P= (1—r*)"—109 Observations 





r 0 0.1 0.2 0.3 0.4 0.5 0.6 














P 1.0 0.353 0.1100 (0.0295 (0.0064 += «0.0011» :0.00012 
AP 0.647 | 0.243 0.0805 | 0.0231 0.0053 | 0.0010 Sum 
109 AP 70.5 26.5 8.8 2.5 0.6 0.1 109 
Nove 1 27 9 1 1 0 109 
Diff. +05 | +05 +0.2 -15 | 404 | -o1 S.D. 
| | | = +£0.77 
! | = +0.70% 








equation with B = 0.90. This should enable us, therefore, to determine with 
considerable accuracy the significance factors associated with periodic rainfalls. 
In our earlier chapters, we have usually calculated SF by arbitrarily taking 8 
equal to unity. Now we see that log SF should be reduced 10 per cent. 

It would seem that the excellent agreement between these theoretical equa- 
tions, which are based on random distribution of numbers, and the actual 
rainfall data is much more than fortuitous, and that it indicates a really great 
simplification in our whole analysis of the periodicities determined in the way 
that we have followed. 


Raw Data on the Periodicities and Phases for Cycles 7 to 22 


Tables 12-VI and 12-VII give the raw data for 16 seeding cycles from 
Cycles 7 to 22. These have not been analyzed in detail. It is very evident that 
the high values of r are limited by the effects of commercial seeding operations. 

We shall have occasion to study the phases of the periodicities only during 
Cycles 15 to 22 when the seeding days alternated between Mondays and Fri- 
days. These changes in seeding schedules produced corresponding changes 
in the phases of the rainfall in the southeastern part of the United States during 
eight of the cycles from Cycles 15 to 22. These data are shown in Fig. 12-2. 


A Comparison of the 7-Day Rainfall Periodicities in the Five Cycles 2 to 6 
and in the Eight Nonseeding Cycles Listed in Tables 12-III and 12-IV 


Table 12-VIII contains variance analyses to determine the significance of 
the difference between the nonseeding cycles (a) and the seeding cycles (b). 

Two methods are used. In the first method, the two groups a and b, when 
compared with one another, give a variance ratio of 37.25, with a significance 
factor so high that extrapolation from the available tables is of rather 
uncertain accuracy, but is of the order of 107. In the second method, the 
variance due to the columns gives F = 6.77 with SF = 10%. 
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Taste 12-VI 
Rainfall 7-Day Periodicities and Phases for 15 Sub- 


divisions during Cycles 7 to 14 
























































Sub- Correlation Coefficients r 
coin 7 Ce Sah 10) 1 | 12 | 13 | 14 
aee | 0,27 | 0.54! 0.45. 0.27 0.26 | 0.48 | 0.10 
B 0.25 | 0.28 | 0.241 0.36 | 0.37] 0.05 } 0.23 | 0.19 
c | 033| 0.19 | 0.46 | 0.40] 0.31 | 0.27, 0.82) 0.07 
D 0.40 0.24 | 0.64 0.02 | 0.40} 0.35 0.13 | 0.26 
E | 0.53 | 0.15) 0.52} 0.38, 0.07! 0.40 0.39 | 0.22 
F | 0.24; 0,26] 0.17] 0.43 | 0.22! 0.34} 0.28 | 0.33 
G  , 0.76} 0.51} 0.30, 0.10} 0.15| 0.09 | 0.27; 0.27 
H_ | 0.49 | 0.41 | 0.49| 0.53 | 0.29! 0.29! 0.48 | 0.26 
1 | 0.24 0.15! 0.14 | 0.14, 0.35 | 0.53, 0.49 | 0.22 
J: 030] 0.38 | 052! 0.24! 0.38, 0.15| 0.38 | 0.16 
K | 0.37 | 0.36 | 0.42 | 0.47; 0.45 | 0.24, 0.16 | 0.33 
M ; 0.28} 0.39; 0.33 | 0.27 | 0.26 | 0.14 | 0.20 | 0.12 
N | 0.39 | 0.42 | 0.64, 0.60 | 0.24} 0.18; 0.34 | 0.14 
Oo 0.38 0.10! 0.25! 013' — | 041! 0.25 | 0.32 
P —!—)—j —) — | 022! 027; 0.16 
ers = Pa eee ae 
Phases 9 in Days 
A, 035} 613 | 2.50] 2.26] 5.22} 2.70 4.92) 6.27 
B 3.74 4.32 | 0.32 | 1.94] 2.19} 3.50, 5.40] 5.00 
C | 310; 5.79] 2.23] 1.05} 0.58] 5.90| 4.40, 6.35 
D | 3.71! 653 | 2.86] 3.88; 1.441 3.10} 4.70] 6.80 
E | 1.69) 0.32 | 4.53 | 5.02 | a 3.80! 5.60 | 6.76 
F 0.23 ! 4.36; 4.54 | 6.66 3.34 / 0.00 | 4.50] 5.50 
G | 096! 1.99! 5.92) 3.73] 1.66! 2.50 | 6.00 | 6.00 
H | 6.14! 1.62] 3.98 | 5.00 113 | 1.39 | 420} 2.90 
I | 2.08 | 1.74 4.76 | 4.10. 3.35; 2.30] 3.80) 3.10 
J 4.95 1.59 - 1.54 | 0.34 H 6.86 | 5.60 | 5.70 | 3.20 
K 3.03 | 3.44 6.50] 1.19] 0.86! 5.30} 0.89 | 3.70 
Mj 3.24 | 4.59 | 641 | 638) 655 | 221, 3.90] 4.90 
N | 2.28, 4.38! 6.90/| 5.30 3.76) 2.00| 2.80] 4.40 
o | 1.01! 5.81 | 1.31 | 5.37) — | 1.30] 240} 3.91 
P eore ee ge es raat aes 2.10 | 6.08 
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Tasie 12-VII 


Rainfall 7-Day Periodicities and Phases for 15 Subdivisions 
during Cycles 15 to 22 





Sub- Correlation Coefficients r Subd. 


division — — with 
15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | r>0.52 








0.41 | 0.20: 0.39 | 0.03 | 0.35 | 0.29 | 0.37 | 0.38 | 
0.22 0.40; 0.46! 0.48, 0.12; 0.16! —16 | 0.44 | 
0.08 | 0.16 | 0.38 | 0.45 | 0.41] 0.26] 0.28 0.52 
0.38 | 0.15 | 0.13 | 0.43 | 0.32] 0.24/ 0.18 | 0.48 
0.40 | 0.25 | 0.28 | 0.41 | 0.33 | 0.20] 0.34 | 0.24 
0.40! 0.18 | 0.30 | 0.35 | 0.30 0.20; 0.15 | 0.30 
0.55 | 0.11 | 0.39; 0.37, 0.16 | 0.31 | 0.20} 0.57 
0.29 | 0.25| — | 0.66] 0.38 | 0.16) 0.63! 0.25 
; 0.32 | 0.18 | 0.28 | 0.36 ' 0.74, 0.32 | 0.32 | 0.24 
0.53 | 0.23 | 0.25 0.24| 0.51 | 0.37} 0.72} 0.64 
0.25 | 0.39! 0.60 | 0.41} 0.45 | 0.31 | 0.31 | 0.30 
0.24 | 0.33 | 0.21 | 0.07] 0.53 | 0.46 | 0.39 | 0.34 
0.17 | 0.19 | 0.39 | 0.36 | 0.09 | 0.57 | 0.30 | 0.40 | 
0.29 | 0.14] 0.52) 012] —]o4) — | — 
0.39 | 0.19] 0.43! 0.28} 0.42) 033, — | — 








VPOAZAM"TABDBMOASDS 
cone ale ann[ooccoce 




















Phases @ in Days 





2.47 | 1.70 | 2.26 | 1.18 | 5.80 | 5.70 | 4.94 2.19 
3.90 | 0.04 0.98 | 3.67; 6.57] 4.05 | 1.13 | 1.28 | 
2.77 | 1.14) 3.00} 4.10 | 1.81 | 2.40 | 6.70 | 3.48 
6.90 | 6.80 | 3.50! 5.21 | 1.80] 2.20] 5.67 | 3.63 
5.95 | 0.94 | 4.00} 1.92 |} 1.25 | 5.03 | 1.04! 2.77 
3.63 | 2.36 | 3.10) 1.38 | 6.18 | 4.69 | 5.83 | 0.55 
4.60 | 4.40 | 2.60 | 1.14! 6.12 | 5.07 | 1.21 | 0.04 
3.20 | 2.40; — | 0.90} 5.30] 3.10 | 6.48 | 6.83 
3.70 | 3.80! 1.67 | 0.48 | 4.35 | 2.50 ' 0.48 | 6.21 
2.40 | 0.98 | 1.57| 6.02! 4.75 | 2.52; 4.17] 2.65 
2.60 | 6.50 | 6.55 | 6.32 | 5.69 4.71 | 5.80 | 0.70 
1.90 | 5.60 | 1.30 | 0.70 | 4.30 | 1.50 | 4.10 | 1.42 
5.40 | 3.80 | 0.44 | 3.42 | 4.50 | 0.70} 3.15 | 0.82 
4.10 | 3.50) 5.88 | 2.57! — 5.10) — — 
3.14 | 1.50} 1.20! 3.10 | 3.40 | 6.23 aes = 
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Circle has radius of unit stand. deviation. 


For the 15 means 


af. Var. F SF 
Dr = 1.961 29 aa = = 
Dy = 1.734 2 0.867 103.2 10.07 


Dg = 0.227 27 0.0084 S.D. = 0.092 





For all 75 observations 


df. Var. F SF 

So = Dr = 20.43 149 = _ _ 
75 (0.34)? = Dy = 8.67 2 4.34 54.2 1037-6 
Dg = 11.76 147 0.800 aa _ 


S.D. = 0.080 = 0.287 in g, or 0.275 in r 


Fic. 12-1. Phase dial for the mean phase of rainfall during Cycles 2 to 6. Each 
point corresponds to one subdivision. 
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(AREA 570,000 SQ ML) IN THE SE PART OF US.A. 
DURING CYCLES 17, 18, 21, 22 (MONDAY SEEDING) AND 
CYCLES 15,19, 20 (FRIDAY SEEDING). CIRCLES FOR 





Fic. 12-2. 
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Tasie 12-VIII 
Study of the 7-Day Rainfall Periodicities by Combining 
the Data for Eight Nonseeding Cycles with Five S See 











Cycles 
Sums of Columns in Tables 12-IV and 7-XII for all 15 
Subdivisions 
a | b | 

Nonseeding Seeding All 13 
Cycles 1, 23—29 | Cycles 2—6 Cycles Combined 
Ss = 10,036 | Ss = 14,095 Ss = 24,131 
N = 109 N = 75 N = 184 
SS = 1,589,648 SS = 3,977,901 SS = 5,567,549 
S*/N = 924,048 S*/N = 2,648,920 S?/N = 3,164,701 
D(a) = 665,600 D(b) = 1,328,981 D(T) = 2,402,848 

Two Groups a—b | 13 i Gaeiis Columns 
a S/N 924,048 SS(C) 3,938,624 
b S*/N 2,648,920 oars 3,164,701 


Sum 3,572,968 773,923 
c SN 3,164,701 
D(a, b) 408,267 





Variance a Considering 
a and b as Two Groups within c 





| Deviance d.f. | Variance F SF 
D(T) | 2,402,848 | 183 | 13,130 1.20 
D(a, b)| 408,267 1 | 408,267 | 37.25 | 10° 
D(Res.)| 1,994,581 182 | 10,958 1.00 





Taking All 13 Columns Separately (Cycles) 











Deviance df. | Variance F SF 
Dit) | 2,402,848 | 183 | | 
D(C) 773,923 12 | 64,493 | 6.77 10% 











1,628,925 171 | 9,526 





This analysis involves only the magnitudes of the values of r in the seeding 
and in the nonseeding cycles. It does not consider the phases, so that the signifi- 
cance would be equally high even if the phases in Cycles 2 to 6 did not agree. 


The Propagation of the Rainfall Phases over 15 Subdivisions of the United 


States During 6 Seeding Cycles 


Table 12-IX contains a summary of the phases and the correlations for 
Cycles 2 to 6 and Cycle 9 for the 15 subdivisions of the United States. The 
raw data for Cycles 2 to 6 are given in Table 7-XII, where the phases are ex- 
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pressed in days. The raw data for the phases in days for Cycle 9 are in Table 
12-VI. The observed phase angles ¢,,, in Table 12-IX have been expressed 
in degrees. The data for each cycle and subdivision consist of four items ar- 
ranged in a block, as indicated at the upper left part of the table. Under ¢,,, 
is a quantity designated by @, which is defined by 


eg =1/fi-A=/D,|D; (12-1) 


This is the variate used in Method C described in the third part of Table 
7-III. For small values of 7, @ is practically equal to r. The last column of 
Table 12-IX contains the vector mean value of ¢,,, and @ for Cycles 2 to 6. 

The purpose of gathering together data in this way in Table 12-IX is that 
we wish now to study the propagation of the phases across the United States 
just as we did for the phases of the 700-mb temperatures as shown in Table 
11-V and Fig. 11-2. The calculated values of ¢ in Table 12-IX were obtained 
for each cycle from a regression equation. These six different regression 
equations are given in Table 12-XI. The form of the equation is given at the 
top of the table in terms of coefficients ¢,, a, and b, which are listed in the 
body of the table. These regression equations were obtained by getting the 
best fit with a linear equation of the form given. 

Table 12-X and Fig. 12-1 give the res-ilts of a variance analysis for the propa- 
gation of the mean phase ¢, taken from the last column of Table 12-IX. 
The first step was to find a regression equation by which the phase ¢ could 
be expressed in terms of x and y, the west longitude and the north latitude 
of the subdivisions as given in Table 7-X and Fig. 7-1. A preliminary study 
showed that the direction of propagation of the mean rainfall phases was ap- 
proximately the same as that found for the 700-mb temperature waves for 
Cycle 6 illustrated in Fig. 11-1. This direction makes an angle 8 = 103° with 
the meridians. 

If we adopt a coordinate system having one of its axes parallel to this direc- 
tion of propagation, and if we let S be the coordinate parallel to this axis, 
then we can put 


S = (90—x) —0.31(y —40). (12-2) 
The values of S for the subdivisions are listed in Column 2 of Table 12-X. 
By plotting ¢,, in Column 3 as ordinate and S as abscissa, we find that the 


15 points lie very closely along a straight line. A determination of the regress- 
ion equation by the method of least squares gives 


ear. = 88+4.80S. (12-3) 


The phases calculated by this equation are given in Column 4, and the 
differences $—¢.a1, are in Column 5. The agreement between ¢, and 
%caio i8 seen to be remarkably good. The significance of this relationship has 
been determined by calculating the correlation between $y, and S. We find 
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Tasie 12-IX 


Phases of Rainfall over 15 Subdivisions of U.S.A. during 6 Seeding Cycles 


The observed phases from Table 7-XII have been expressed in degrees, and 26° (=0.5 day) 
has been added to the phases in Cycles 4 and 5 to adjust for changes in the phase of the seeding. 
(See Table 12-1) 











































































































| 1 ops 

e | 4¢ i - | @ 
“Cycles | ad vai ey ee 5 Mean 
Subs 2 | 3 | 4 ' Js 6 | 9 126 
a | 62] 68 124| 135] 146/ 132) 32] 983] s1| 93! 128| 143, 93 
0.50 | —6| 0.58 | —11| 0.79 | +14; 0.27 | —51| 0.66 | —42| 0.64 | —15/ 0.40 

p| | 69| 82 82! 178 133] 222| 84] 85| 94| 16| 73| 99 
0.58 | +5| 0.29! 0) 0.58 | +45; 0.03 |+138) 1.09} —9 0.25} —57, 0.39 
c | 69] 97] 172] 150| 161 |+188] 128 | 124 158! 152) 115 | 158) 136 
0.62 | —28| 0.28 | +22| 0.62 | —27| 0.36} +4) 0.42! +6, 0.52 | —43; 0.36 
p | 1s] sof 87] 148] 108 | 213| 179| 142 20s 178; 147 | 151! 145 
0.50 | —S) 0.27 | —61) 0.35 |~105} 0.29 | +37] 0.68 | ~27, 0.83; —4 0.27 
ze | 82 | 94 154] 188) 189 | 181] 118 | 1191 156 | 145° 233 | 208) 147 
| 0.28 | —12| 0.25 | —34| 0.50| +8| 0.42] —1| 0.71 | +11! 0.61 | +25) 0.36 
ry | 173 | 82] 191] 206) 174 | 159! 102! 102) 134| 121] 233 | 234) 145 
0.20 | +91] 0.64 | —15| 0.44| +15, 0.86] 0] 0.98; +13] 0.17] —1] 0.52 
cg | 105| 89} 132 | 258) 215 | 172| 122] 112] 131| 135] 304| 300) 138 
0.31 | +16, 0.06 |-126| 0.46 | +43] 0.56| +101 0.90] —4; 0.31; +4] 0.37 

antes = = Rs 7 —_ ' ee eae 7 — 
uw | 161 | 56] 202] 189] 182| 109] 45| 65) 49! 68 205 | 216} 127 
0.23 |+105| 0.55 | +13] 0.20 | +73; 0.30 | —20| 0.55 | --19| 0.56 | —11] 0.12 

: so| 461 144| 133| 79| 98] 33{ sol 40| 47] 245| 145) 63 
0.68 | +4 0.49] +11: 0.52| —9! 0.66 | —17| 0.31 | —7! 0.14 | +100, 0.42 
j 59 | 43} 108| 75/ 134| 93] 77] 46 1s| 41! 79| ol 72 
0.29 | +16] 0.48 | +33] 0.22 | +51] 0.44} +31) 0.50 | —26| 0.61 | +9 0.30 
x | 36] 42, s9| 18) 162| 81) 1811 45 54! 38| -26| —2' 79 
0.48 | —6, 0.27 | +41] 0.61 | +81] 0.19 |+136] 0.90 | +16; 0.46 | —24, 0.30 
m| 61! 19 17 6} 139| 36 —s| 12| 14| —9| —30| —15| 34 
0.64 | +42} 0.48 | +11] 0.23 |+103: 0.11 | —20] 0.84} +23, 0.35 | —15' 0.36 
nw | 17| —8| 45 | -39) -13 , -15| -21 | —26| —67 | -63! -s | 68, —28 
0.55 | +25) 0.12; —6| 0.13; +2) 1.09] +5, 0.79] —4, 0.83 | +63, 0.46 
91] —so | —71| —70 | —67|—116 |-122) +67 |-130. -87 
—23' 0.42, +211 0.36 | —3| 0.34] +6] 0.26 |+197, 0.36 
+2/-135 | —s1j —46 | —s2| —91 |—100) —| 54 
0.22 | —11]) 0.40| +4] 0.31 | —84] 0.62] +6] 0.31] +9| — | —| 0.26 


























e=r/ V1—+*  dcaic calculated from longitude and latitude of the subdivision by the regres- 
sion equations in Table 12-XI. 
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Analysis of the Progression of the Mean Phase of the Rainfall across the U.S.A. 
during Cycles 2 to 6 



























































1 2 3 4 5 6 7 8 9 10 | 11 12 
Subd. Ss om | dcalc | Ae e Dr | Du | De | @catc | S.D. | Log SF 
A + 3.4 93 | 104 | —14 | 0.40 | 1.719 | 0.812} 0.907 | 0.403 | 0.34 111 
B | +36 99 | 105 | — 6 | 0.39 | 1.968 | 0.638 | 1.330] 0.36 | 0.41 0.68 
c +13.3 | 136} 152 | —16 | 0.36 | 1.147 | 0.623 | 0.524 | 0.354 | 0.26 1.37 
D | 417.7 | 145} 173 | —28 | 0.27 | 0.992] 0.377] 0.615 | 0.275 | 0.28 0.83 
E +131 147 151 | — 4] 0.36 | 1.066 | 0.648 | 0.418 | 0.360 | 0.23 1.61 
F +81 | 145} 127] 418 | 0.52 | 2.343 | 1.369] 0.970 | 0.525 | 0.35 1.52 
G +105 | 138) 138 0 | 0.37 | 1.435 | 0.689 | 0.748 | 0.370 | 0.31 1.14 
H — 0.8 | 127] 84] +43 | 0.12 | 0.768 | 0.057] 0.711| 0.11 | 0.30 0.13 
I — 44 63 | 67| — 4| 0.42 | 1.499] 0.867] 0.632 | 0.417 | 0.28 1.51 
J — 54 72| 62] +10 | 0.30 | 0.859 | 0.456} 0.403 | 0.302 | 0.22 1.32 
K'} — 58 79| 60] +19 | 0.30 | 1.522 | 0.425] 1.097 | 0.292 | 0.37 0.57 
M | —13.7 34 | 22 | +12 | 0.36 | 1.411 | 0.672] 0.739 | 0.367 | 0.30 1.12 
N ! —22.8 | —28 | —21 | — 8 | 0.46 | 2.146] 1.082] 1.064 | 0.465 | 0.36 1,22 
O | -—32.7 | —87 | —69 | —18 | 0.36 | 0.775 | 0.625 | 0.150 | 0.354 | 0.14 2.85 
P © =29.1 | —S4 | —52 | — 2 | 0.26 | 0.785 | 0.347 | 0.438 , 0.264 | 0.23 1.02 
log 2% = 18.00 

452 
13.48 


S = (90—x)—0.31(y —40). 
calc = 4.80S5+88, or 


¢calc = 88+4.80(90 —x) —1.49(y —40). 
Dr = Sum of values of o* for the 5 cycles. 
o= VDui5. 


Dy = Dr—Dz, 
S.D. = VDs/8. 


Significance Factor SF = [Dr/Dg]* for each subdivision. 
The correlation coefficient between ¢y and S or ¢caic is 0.973. A variance analysis gives: 


Deviance d.f. 


Total = 81,605 
Dy = (0.973)*Dr = 77,255 , 
Residue, Dg = 4,350 


14 


1 


13 


For Total Variance of ¢y 


Variance 


77,255 
334.6 


F 


230.8 


SF 


1017 


For the 0.5 per cent point (SF = 200), F is only 11.4. If we take 2 d.f. for R*Dr, we make 
SF too small, but SF calculated is then 10!%-?, 


CC(15) = 0.973, with SF = ca. 10'7. The correlation between ¢y and ¢, 


is, of course, the same. 


The sixth column of the table contains the vector mean phase from the 
last column of Table 12-IX. The values of Ad from Column 5 and @ from 
Column 6 have been plotted as polar coordinates in the vector dial of Fig. 


ue 
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12-1. The 15 points form a cluster just as the corresponding points did in 
the vector dial for the phases of the upper air temperatures during Cycle 6 
as shown in Fig. 11-2. 

It is remarkable that the effect of the periodicities in rainfall over the whole 
United States for 140 days can be expressed so well as a mere displacement 
of the center of gravity of the cluster of points in the vector dial. That the 
significance of this clustering is very high is proved by the variance ana'yses 
for the 15 means, or better still for all of the 75 observations (15 subdivisions 
during 5 cycles), in the lower part of Fig. 2. These calculations, which are 
analogous to those of Table 11-VI, are based on the deviances in Columns 7, 
8, and 9 of Table 12-X. 

The total deviance D, for each subdivision is the sum of the five o* values 
for the separate cycles as given in Table 12-IX. The residual deviance D, 
for each subdivision was determined graphically by measuring the distances 
of each of the five points in a vector dial for that subdivision from the center 
of gravity (determined graphically). The radial distance from the center of 
the vector dial to the circle corresponding to @ = 1 was taken as the unit of 
distance. The sum of the squares of these five distances gives the residua 
deviance D, as listed in Column 9 of Table 12-X. 

The deviance D, associated with the vector mean (center of gravity) of 
the five points for each subdivision as listed in Column 8 is equal to the dif- 
ference between D, and D,;. The mean radius vector @,,;, in Column 10 was 
obtained from the equation: 


Goats = VDyl5.- (12-4) 


These values in Column 10 agree well with the graphicaly determined 
values in Column 6. This agreement serves as a check on the accuracy of the 
graphical methods used in determining ¢ and @ in the last column of 
Table 12-IX. 

Table 12-XI gives a summary of similar analyses from the data for the 
separate cycles in Table 12-IX. Thus, we have six different regression equations 
for calculating ¢,.;,, one equation for each of the six cycles corresponding 
to the columns of Table 12-IX. The upper half of Table 12-XI gives the 
three coefficients ¢o, a, and b for the terms of these regression equations and 
gives the velocities and directions of propagation of the phases. 

In calculating the coefficients of the regression equations from ¢,,, and 
the coordinates x and y of the subdivisions, one should logically assign weights 
to the values of ¢,,, that depend on g. To avoid the complications of such 
calculations, the simple expedient was adopted of omitting all values of $,.5 
for which g@ was less than 0.27. The excluded values are indicated in Table 
12-IX by double underlines. It is for this reason that the values of N in the 
upper half of Table 12-XI are usually less than the values of N given in the 
lower half. 
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The regression equations were used to calculate the values of ¢,.;. given 
for each subdivision and cycle in Table 12-IX, even in the cases in which 
the ¢,,, values were not used in calculating the coefficients of the regression 
equation. 

In the lower half of Table 12-XI, the data are given for the vector dials 
of the phases for all 15 subdivisions. In these variance analyses, none of the 
data was omitted. 

We now see that there are small but distinct differences between the results 
= obtained from different cycles. The correlation coefficients CC(N) between 
Gore and 41, range from 0.864 in Cycle 4 to 0.980 in Cycle 6. The velocities 
of propagation of the phases, in miles per hour, decrease from 38 in Cycle 2 





Tasie 12-XI 
Analysis of Rainfall Phases during Six Seeding Cycles, 
Using Separate Regression Equations 
Data from Table 12-VII 
Regression equations: ¢ = ¢9+a(90—x)+b(y—40) [degrees]. 
Phase velocity in statute miles/hour (at 40° latitude): 
V = 148/V1.7040+0 
Direction of propagation 8 (clockwise from north): 
tan-1 B = 1.30Sa/b. 














\ Cycles 2 3 4 | 5 6 | 9 
- Nofsubd.| 12 13 11 12 15 10 
| s 58.6 | 106.5 | 113.2 | 686 | 72.8 | 108.2 
: a 2.92 | 4.51 5.63 | 4.14] 5.95 5.27 
: b ~0.90 | -10.5 | -1.75 | -1.28 | -1.85 | -13.59 
4 Vmi/hr | 37.8 | 24.5 25.4 | 268 | 18.5 11.2 
tt B 103.3 | 150.6 | 103 103 103 153 
CC(N) 0.876| 0.944] 0.864] 0.927] 0.980] 0.984 
log SF 2.85 5.31 2.37 | 3.83 | 8.41 5.28 
From Phase Dials: | 
N 15 15 15 15 15 13 
ou 0.375 | 0.338 | 0.30 | 0.398 | 0.640 | 0.413 
Dr 3.213 | 2.458 | 3.146 | 4.008 | 7.590 | 3.657 
Du | 2,109 | 1.714 | 1.350 | 2.376 | 6.144 | 2.218 
Dg | 1.104 | 0.744 | 1.846 | 1.632 | 1.446 | 1.439 . 
df. 27 26 27 27 27 22 


Var. E 0.0408} 0.0286} 0.0684} 0.0604] 0.0536/ 0.0654 
SD (in @)} 0.202 0.169 0.260 0.246 0.232 0.256 
F 25.9 30.0 9.9 19.7 58.2 16.9 
log SF 6.28 6.76 3.21 5.26 9.80 4.44 




















Sum of log SF = 35.8; subtract log 2° = 1.8; 
leaving total SF = 10*. 
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(December) to 18.5 in Cycle 6 (April) and finally to 11.2 in Cycle 9 (July), 
this decrease presumably being a seasonal effect. 

In Cycles 2, 4, 5, and 6, the phase propagation could be adequately ex- 
pressed by a regression equation involving S instead of x and y, the ratio of 
the coefficients b/a being —0.31. But this did not prove to be satisfactory 
for Cycles 3 and 9, so two-dimensional regression equations involving separately 
determined values of a and b were used. 

This raised considerably the calculated values of SF in spite of the decrease 
in the residual degrees of freedom. The directions of propagation of the phases 
in Cycles 3 and 9 corresponded to 8 = 151° and 153°, respectively. 

The highest correlation r = CC(15) = 0.980 between $4, and ¢.:. for 
the rainfall in Cycle 6 was much lower than the value CC(9) = 0.9955 for the 
700-mb temperatures given in Table 11-V, but its significance factor SF =10** 
was higher than the value SF = 10*! found for the temperatures, because 
he number of subdivisions (15) used for the rainfall analysis was greater 
than the number of grid points (9) used for the temperatures. 

The phases ¢ at 90°W longitude, 40°N latitude, show remarkably little 
variation between the cycles. The mean value of ¢, for Cycles 2 to 6 is 84 
degrees and the standard deviation is S.D. = +24° or +0.47 days. This 
explains how it was possible in Table 12-X and in Fig. 12-1 to get such good 
agreement between ¢,,, and ¢,.;, for all 15 subdivisions during five cycles 
by using only a single regression equation for the mean phase. However, by 
considering the cycles separately as in Table 12-XI, we get more information 
as to the nature of the periodicities induced by periodic seeding. 

In our analyses of the significance of the 7-day rainfall periodicities in 
Chapters 5, 6, and 7, we depended on the values of CC(28) for single sub- 
divisions and developed methods for calculating the combined significance 
of successive cycles. 

The present chapter has shown that the rainfall phases propagate over 
the whole United States with extraordinary regularity. The phases of the 
rainfall in Cycles 2 to 6, like the phases of the 700-mb temperatures in Chapter 
11, thus give independent and highly significant support for the Seeding. 
Hypothesis. 

Tables 12-X and 12-XI summarize these data for the rainfall phases. The 
significance factors in the upper and in the lower halves of Table 12-XI, how- 
ever, have depended only on the regularity of the phase propagation and on 
the clustering of the points in the vector dials but have not involved the absolute 
magnitude of CC(28) for the rainfall. 

The analysis has, however, given us values of oy in the second line of the 
lower half of Table 12-XI which measure the effective magnitude of the perio- 
dicity over the whole United States during each cycle. From the definition 
of 9 in Eq. (12-1) and by Eq. (5-8), we have 

SF = (1+6*)", (12-5) 
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where, for the data of Table 12-XI with 15 subdivisions, we can put 
m= Byx11x15. (12-6) 


If we take B = 0.90, this given m= 148y. 

For Cycle 6 the table gives 9,, = 0.64, so that for y = 1 we have AF = 10%. 
If we take y = 0.5, we still have SF = 10". Cycle 4 gives a lower value, oy = 
0.30, than any of the other cycles, but even in this case we get SF = 500, 
with y = 0.5. For all six cycles, with y = 0.5, we have SF = 10". 


Comparison of Periodicities in Rainfall and in 700-mb Temperatures 


The significance of the rainfall periodicity is thus even higher than that 
of the 700-mb temperatures studied in Chapters 9, 10, and 11. The reason 
for the higher significance is the more uniform distribution of the rainfall 
periodicity over the United States and during successive cycles. Thus, the 
periodicities of the 700-mb temperatures that were so prominent during Cycles 
5 and 6 over much of the United States (see Chapter 11, particularly Fig. 11-3) 
were limited during Cycles 3 and 4 to a relatively few stations (see Column 
9 of Table 10-1). 

With the rainfall periodicities, on the other hand, even in Cycles 3 and 4 
the magnitudes of 9, and the rainfall phase propagation over the United 
States were highly significant. 

These results strongly support the Seeding Hypothesis. The silver iodide, 
in producing widespread effects on the weather, must act by first modifying 
rainfall. This then releases latent heat of condensation, which reacts on the 
synoptic weather to modify the winds, temperatures, pressures, etc. 

Thus, one should expect and does find that the seeding schedules are more 
consistently related to the rainfall than to the 700-mb temperatures. 

The rainfall can thus often be recognized as a connecting link between 
periodicities in upper air temperatures that might otherwise appear to be 
unrelated. For example, during Cycle 6 the phases for the 700-mb temperatures 
(see Table 11-III) were given by 


¢ = 17.545.58S, (12-7) 


with a velocity of propagation of 19.8 miles per hour in a direction of 8 = 103°. 
The phases of the rainfall during Cycle 6 expressed in degrees (Table 12-XI) 
were given by 
@ = 72.8+5.95S, : (12-8) 
with a velocity of 22.7 miles per hour in the same direction, 8 = 103°. The 
rainfall and temperature periodicities are thus intimately connected. 
The 700-mb temperature data in Table 10-VII show that the 7-day perio- 
dicities and even the phases in Cycles 2 and 6 are closely interrelated, but the 
Weather Bureau data for the intermediate cycles, Cycles 3, 4, and 5, do not 
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show comparable periodicities. Mr. Hall has held that such gaps in the perio- 
dicities tend to discredit the evidence that the periodicities are the result of 
seeding. 

The periodicities in rainfall in both Cycles 2 and 6 are closely related to 
those of the corresponding temperature periodicities. However, the evidence 
of Table 12-X and 12-XI shows that in the case of rainfall during Cycles 2 
to 6 there is no gap in the continuity of the periodicities and the phases even 
when we take areas as large as the whole United States. 

Only the Seeding Hypothesis seems capable of reconciling this continuity 
of the rainfall periodicities with the apparently disconnected appearance of 
temperature periodicities with identical phases in Cycles 2 and 6. 


Rainfall Periodicities and Phases During Cycles 10 to 22 


The complete data for the values of CC(28), and the phases ¢ for these 
later cycles are given in Tables 12-VI and 12-VII. Partial analyses of the 
data for r = CC(28), have been given in Tables 12-I and 12-II. The perio- 
dicities are occasionally of rather high significance, but the interference by 
commercial seeding operations appears to make the analysis more difficult 
and less significant. 

It has, therefore, not seemed worth while to make detailed studies of all 
these data such as those that were made for Cycles 2 to 6 and 9. However, 
in Cycles 15 to 22, except in Cycle 16, the periodicities became much more 
significant, and since during this interval the seedings were conducted for 
eight weeks alternately on Mondays and Fridays, many studies were made 
of the phases. 

A preliminary examination showed that the phases and their changes did 
not appear to be significant except in the southeastern part of the United 
States. The phases in these subdivisions have been analyzed in great detail 
and have been found to be of high significance. Only one example, Fig. 12-2, 
will be given here; a fuller report will be made in a later publication. 

Figure 12-2 is nearly self-explanatory. It shows that during the cycles in 
which the seeding was done on Monday the phases of the rainfall in Sub- 
divisions H, I, and G are about 1.6 days earlier than when the seeding was on 
Tuesday, Wednesday, and Thursday, and when the seeding was done on 
Friday the rainfall phase was about two days later. 

In Table 10-V, the distribution function for the 700-mb temperatures 
was found to be well represented by Eq. (10-1). In the present chapter, in 
Table 12-V, a similar study of the distribution function was made for the perio- 
dicity in the rainfall in the eight nonseeding cycles. Table 12-XII contains 
a similar analysis of the data in the histogram given by Mr. Ferguson Hall 
in his article in the Transactions of the New York Academy of Sciences for 
pressure differences. This covers 50 years of records — altogether six hundred 
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28-day cycles. The observed number of cases out of the 600 for different 
ranges of the values of r have been read from the histogram. From these data, 
the value of M was found to be 0.1405, which gives m = 5.12 and B = 0.490. 
The agreement with Eq. (10-1) is extraordinarily good. The differences between 
the observed and the calculated values have a standard deviation of only 7.2 
out of 600, or 1.2 per cent. 


Taste 12-XII 


Distribution Function for CC(28). Values for Pressure 
Difference across Northern Gulf of Mexico 


Data are for 600 28-day cycles from histogram in Fig. 1 of Ferguson 
Hall’s article 


M = 0.1405; m= 6.12; B = 0.490; P= (1—r%)™ 
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It is noteworthy that here we have a case where £ is much less than it is 
for either temperature or rainfall. This explains an apparent discrepancy 
between the fact that Mr. Hall found one case out of 600 which for five months 
gave a correlation CC(140) = 0.42, whereas from a similarly high correlation 
in the spring of 1950, as shown in Table 8-IV, we calculated SF = 10°, with 
B=1.0. 

If, however, we use 8 = 0.49, we find that SF = 550, which then makes 
it very reasonable that in 600 cases we should find a case as good as that in 1950. 

This shows that we must not regard as a universal constant for all weather 
elements. It may well have substantially lower values for pressure differences 
than it has for temperatures and for rainfall. 


Sudden Onset of 7-Day Periodicities in Weather Elements in December 1949 


We have seen in this chapter that the 7-day periodicity in rainfall and the 
periodicity in the upper air temperatures began quite sharply with the seeding 
schedules in December 1949. There are apparently many other things that 
also began at this time that are presumably related to the seeding schedule. 

Jerome Namias in an article in the Journal of Meteorology (8, 251, August, 
1951) entitled ‘“The Great Pacific Anticyclone of 1949 to 1950: A Case Study 
in the Evolution of Climatic Anomalies’, gives a detailed analysis of many 
remarkable features of the weather that started in December 1949 and lasted 
for several months. A great anticyclone built up in the Pacific early in December 
and then moved in an abnormal course up through Bering Strait, reaching 
northern Canada in March 1950. Mr. Namias considers this as the basic fact 
from which other remarkable weather anomalies resulted. However, the cause 
of the peculiar motion of this anticyclone was undetermined. The seeding 
in New Mexico which produced heavy rain through the Ohio Basin caused 
vertical convection that presumably slowed down the upper air and so may 
have produced a blocking action. 


The Namias Index: Monthly Differences in the Temperature Anomalies 
at Amarillo, Texas, and Concordia, Kansas 


On 2 January 1952, Mr. Namias told the writer that he had noted that 
beginning about in December 1949 the difference between the temperature 
departures from normal at Amarillo and Concordia had been positive for 24 
consecutive months. Ordinarily, the difference between the temperature 
anomalies at two stations should be as often negative as positive. On this basis, 
therefore, one would expect that the probability of getting 24 consecutive 
positive values would correspond to a significance factor of the order of 2% = 10. 

The writer, however, has obtained the values of the Namias Index from 
June 1949 through October 1951. If one uses a t-test assuming that the normal 
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mean for the difference is 0, then one obtains, as is expected, extremely high 
significance factors of the order of 107. 

On the other hand, we may take the values from June 1949 to October 1951 
and separate them into two groups. The six values before seeding occurred 
give a mean value of +1.0, whereas the mean value after December 1949 is 
+4.0. The significance of the difference between these two groups comes 
out to be SF = 200. This analysis should be extended by including data 
for many years before 1949 to see whether the break at December 1949 is 
not of very much higher significance than is indicated by the limited data 
that the writer has considered. 

A positive value of the Namias Index usually means that Concordia, Kansas, 
is north of a cold front for a large part of the time, and that Amarillo, Texas, 
is south of it. Since 1949 there has been an abnormally large number of cold 
fronts that have remained between these two cities. This is probably associated 
with the storms that have caused such heavy rainfall in a band running across 
the central part of the country from the Southwestern states towards the ENE. 

A recent article by R. A. Dightman and M. E. Beatty in the Monthly Weather 
Review (80, 77, May 1952), pointed out that the glaciers in Glacier National 

_ Park started to advance for the first time in 40 years and that during the winter 
of 1949 there was unusually heavy snowfall. 

' There was a recent article in the Saturday Evening Post describing the 
extremely high levels of the Great Lakes, which began apparently in the early 
spring of 1950. 


High Periodicities in Rainfall in Cycles 31, 33, and in November 1952 


In these three cycles there have been unusually high values of rainfall perio- 
dicity. In Cycle 33 (May 1952) the values of CC(28), were quite comparable 
with those of April 1950 (Cycle 6). An article was published on this by H. F. 
Hawkins, Jr., entitled ‘‘On the Weather and Circulation of May 1952: Including 
A Study of Some Recent Periodicities,” in the Monthly Weather Review (80, 
82, May 1952). In this article, it was stated on page 86 that in this ‘‘periodicity 
in precipitation there was little evidence from available data that the phenomenon 
could be traced west of the plains.” 

Our own analysis shows that the periodicity was high over the whole United 
States, and it was even stronger over some of the western states than in 
the east. 

The periodicity in November 1952 has been so striking that it shows up 
by mere inspection of the rainfall data in the climatological reports of several 
southwestern states (New Mexico, Colorado, Texas, etc.). There was also 
a 7-day periodicity in the seeding in these states. 

For Cycles 31 and 33 a study has been made of the periodicities in the 
seeding schedules of various commercial operators. During these two cycles, 
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extraordinarily high periodicities characterized the seedings in the Pacific 
Coast states and in many of the midwestern states. The daily generator hours 
of operation show periodic correlation coefficients CC(28) as high as 0.75. 
Therefore, the following statement by Mr. Hawkins is not justified: 


‘*As far as could be determined, no comparable periodic seeding was cur- 
rently under way; indeed, it seems likely that the use of silver iodide gener- 
ators has become so common and uncontrolled that the effect of additional 
periodic seeding would be more difficult than ever to detect.” 


Just why the seeding was done periodically is a problem in psycho- 
meteorology. A study of these effects is under way and will be reported at 
a later date. 


Periodic Silver Iodide Seedings in the Schoharie Valley and on Mt. 
Washington — August 1949 to March 1950 


In the first few pages of Chapter 4 it was stated that weekly seedings of 
three hours on Tuesdays, Wednesdays, and Thursdays in the Schoharie 
Valley, 30 miles SW of Schenectady, started on 23 August 1949 and continued 
until 21 February 1950. The weekly Mt. Washington seedings on Tuesdays, 
Wednesdays, and Thursdays started on 4 December 1949 and lasted until 
29 March 1950. 

Within the last year, a careful analysis of rainfall periodicities based on 
the monthly Climatological Data for New England and the eastern part of 
New York has been made. 

The results show very highly significant rainfalls on Thursdays and Fridays, 
beginning about the end of August 1949 and continuing as secondary Friday 
maxima in rainfall in New England even after the start of periodic seedings 
in New Mexico early in December, which gave maxima in rainfall on Tuesdays 
with minima on Saturdays. It is now intended to describe the results of these 
Schoharie seedings in a later publication. They appear to be of a significance 
similar to that of the New Mexico seedings over comparable areas. 


The Relation of the New Mexico Seedings to the Distribution of Rainfall 
Anomalies 


In Chapter 8 it was shown that the distribution of the periodicities in rainfall 
during Cycles 2 to 6 resembled the distribution of the rainfall anomalies during 
the same time interval as shown by Fig. 8-1. 

Figure 12-3 shows the rainfall anomalies from 1 December 1949 through 
30 June 1951 which cover the whole interval during which Project Cirrus 
carried on its periodic seeding schedule in New Mexico. This distribution 
bears a close resemblance to that of the first five cycles illustrated in Fig. 8-1. 
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The distribution of rainfall in the six months after the end of the periodic 
seeding as shown in Fig. 12-4 is very different from that of Figs. 8-1 or 12-3. 
The areas of abnormally heavy rains are much further north and west than they 
were during the periodic seedings in New Mexico. This type of distribution 
is more nearly that to be expected from the areas in which commercial seeding 
operations were being conducted. 

To determine whether the distribution shown in Fig. 12-3 is characteristic 
of other years of exceptionally high rainfall, a search was made to determine 
which years during the 20 years beginning with 1930 showed the greatest 
number of states having more than 100 per cent of normal rainfall. These 
years were 1937, 1942, and 1945, and the average per cent of normal precipitation 
for each state during these three years is given in Fig. 12-5. The range in 
the percentage values is very much less than that shown in Figs. 8-1 or 12-3, 
and the general distributions show no significant resemblance to that which 
characterized the interval of periodic seeding. 


APPENDIX C 


Relation Between 7-Day Periodicity in Silver Icdide Seeding and 7-Day 
Periodicity in Rainfall and in Temperature 


In some preliminary experiments conducted by Project Cirrus on 14 October 
1948 and 21 July 1949, silver iodide smoke was released into the air near 
Albuquerque, New Mexico. In each case, within 18 hours heavy rains gradually 
spread from near the point of seeding, giving an average of 0.25 inch over 
an area of 40,000 square miles in the October 1948 experiment and an average 
of 0.32 inch over 68,000 square miles in the July 1949 experiment. 

An analysis of the data obtained in connection with the silver iodide seedings 
of July 1949 ‘‘indicated that the known seedings in Arizona and New Mexico 
may have led to unusually heavy rains in eastern Kansas a few days later at 
distances of 700 to 900 miles from the points of seeding.” 

Summaries of the conclusions regarding the rainfall distributions following 

these two seeding experiments have been published in Occasional Reports 
No. 21 and No. 24 in the 1951 Final Report of Project Cirrus on pages 204 
and 259, and in Setence 111, 35 (1950) and 112, 456 (1950). 
. Because of the relative inadequacy of any statistical analysis based on only 
two experiments, it was decided in August 1949 to repeat such experiments 
at regular weekly intervals. The reason for preferring New Mexico for the 
site of the periodic seedings was that frontal storms do not often reach New 
Mexico from the west, and to the east lies a region of cyclogenesis — a region 
where moist air from the Gulf of Mexico can readily be led to give rain, which 
in turn tends to set up cyclonic disturbances that travel across the United 
States. 
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The difficulty in interpreting the results of seeding experiments lies in 
the complexity of the rain-producing phenomena and in our meager knowledge 
of the mechanisms involved. Usually, seeding is done only when conditions 
appear to be favorable. Thus the question always arises, if rain has followed 
_a seeding operation, whether or not the rain occurred of its own accord. 

By adopting a prearranged regular weekly seeding schedule, regardless 
of local weather conditions, and by examining the subsequent rainfall to detect 
induced weekly periodicity, we obtain nearly all the advantages that might 
be had from a ‘‘randomization” of the experiments — that is, from the use 
of random choice to fix the seeding days or sites. Furthermore, this method 
provides a more efficient utilization of seeding days than could be had by 
the usual randomization. 

Meteorological phenomena have shown no clearly recognizable and persistent 
dependence on the day of the week. Therefore, by using predetermined regular 
periodic seeding, one designs experiments that are automatically drawn at 
random (i.e. without any relation to the existing weather). 

The significance to be attached to any observed periodic rainfall following 
periodic seeding can be investigated in a completely objective manner by the 
analysis of rainfall periodicities of prior years. If the distribution functions 
that characterize these naturally occurring periodicities can be determined, 
the significance of any observed periodicity following seeding can be estimated. 

Periodic Silver Iodide Seeding by Project Cirrus.—The regular periodic seeding 
carried out by Project Cirrus at Socorro, New Mexico, and later at Alamogordo, 
New Mexico, began on 6 December 1949 and continued into July 1951. During 
this time, several modifications in the seeding schedule were deliberately made 
to test various questions that arose in the course of the work. These changes 
were all made just before the beginning of successive 28-day cycles. 

It has been convenient to designate the cycles by numerals starting from 
Cycle 1, Sunday, 13 November 1949. The first cycle of regular seeding is 
Cycle 2, which began on Sunday, 11 December 1949, five days after the first 
day of regular seeding. 

During Cycles 2 to 12, inclusive, the weekly seedings were made by operating 
one generator on Tuesday, Wednesday, and Thursday from 8 a.m. to 4 p.m. 
Table C-I in Columns 1 and 2 gives the number of the cycle and the starting 
day, which is always a Sunday. The third columnegives the days of the week 
on which the seedings were made. Thus ‘“TWT” means Tuesday, Wednesday, 
and Thursday. 

Beginning with Cycle 13 on 15 October 1950, the seedings were made 
at Alamogordo, New Mexico, by operating three generators for one day in 
successive weeks. The seeding days were alternated every eight weeks between 
Monday and Friday to determine whether these phase changes would result 
in corresponding changes in the phases of the rainfall and to find how soon 
the rainfall phase would become adjusted to the new seeding phase. 
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Taste C-I* 


Analysis of 7-Day Periodicities in Rainfall During 38 Successive 28-Day Cycles 
in 15 Subdivisions of U.S.A. (2,500,000 Square Miles) 












































1 2 | 3 4 5s | 6 7 8 
Project Cirrus Observed Rainfall | wether Bureau 
Starting Beodings = __2 |... a Renodicities Data, 700-mb 
Cycle Date | No. of Temp. No. of N 
Sunday | Days of Avg. | i093 | Subdiv. Stations with 
Week Phase with r> 0.50 ‘ 
1 r> 0.52 1 
“4 13-11-49! ——“ None ; se 0 : _) ; 1 
2 | 11-12-49 | TwWr | 3.0 167 | 3 7 , 15 
3 8 1-50 | TWT 3.0 132) 1 1 15 
4 5- 2-50 | TW 2.5 162 2 3 15 
5 s- 3-50 | TW 2.5 174 3 7 15 
6 | 2450 | TWT 3.0 305 9 14 15 
7 30-450 | TWT 3.0 158 2 1 14 
8 28- 5-50 | TWT 3.0 97 0 2 14 
9 25- 6-50 ; TWT 3.0 195 | 4 6 14 
10 23- 7-50 | TWT 3.0 133 2 | 1 14 
11 20- 8-50, TWT 3.0 94 o | 0 13 
12 17- 9-50 | TWT 3.0 93 1 1 15 
13 15-10-50 M 1.3 113 0 1 15 
14 12-11-50 M 1.0 51 0 0 15 
15 10-12-50 F 5.3 123 2 0 15 
16 7- 1-51 F 5.0 57 0 0 15 
17 4251 M 1.3 143 1 1 14 
18 4 3-51 M 1.0 130 1 2 15 
19 1- 451 F 5.3 161 2 - 14 
20 29- 451 F 5.0 106 1 - 15 
21 27- 5-51 M 1.3 130 2 - 13 
22 24 6-51 M 1.0 170 2 - 13 
23 22- 7-51 None 75 0 - 13 
24 19- 8-51 None 72 0 - 13 
25 16- 9-51 None ' 70 0 - 14 
26- | 14-10-51 None 117 0 - 14 
27 11-11-51 None | 151 2 - 15 
28 9-12-51 None | 99 o | - 15 
29 6- 1-52 None 83 0 - 14 
30 3- 2-52 None | 76 0 - 15 
31 2- 3-52 None | 197 5 - 15 
32 30- 3-52 None | 108 1 - 15 
33 27- 4-52 None | 349 10 - 13 
34 25- 5-52 None | 89 0 - 13 
35 22- 6-52 None | 99 1 - 14 
36 20- 7-52 None | 142 1 - 14 
37 17- 8-52 None 102 2 - 14 
40 9-11-52 None | 152 1 - 15 























* This table is an extension (for 38 cycles) of the table previously presented on page 435 
of Part II of the 1953 Project Cirrus Final Report, where data for the first 29 cycles were given. 
In the report, on page 436, the cross correlations between Columns 5, 6 and 7 were found to be 
+0.90 or more, which were statistically highly significant. A comparison of data for 38 cycles 
in Columns 5 and 6 of the present table gives CC(38) = 0.787, with a significance factor (SF) 
greater than 10’. 
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The last seeding done by Project Cirrus was on 2 July 1951 in Cycle 22, 
which for purposes of analysis was taken to end on 21 July 1951. 

‘The nonseeding cycles from 23 to 37 and Cycle 40 were chosen for a study 
of the 7-day periodicities in rainfall in cycles without periodic seeding, as 
compared with those with periodic seeding. 

In the odd-numbered cycles — 13, 15, etc. — the generator was operated 
from 4 p.m. until midnight, whereas in the even-numbered cycles — 14, 
16, etc. — they were operated from 8 a.m. until 4 p.m. The fourth column 
of the table gives the average phase angle of the seeding expressed in days 
measured from Sunday taken as the origin of the phase, so that the average 
phase ¢ of the TWT seedings is ¢ = 3.0 corresponding to Wednesday for 
Cycles 2 and 3. For Cycles 4 and 5 with seeding on TW only, the average 
phase was @ = 2.5 days. 

The results of the periodic seedings made according to the schedule sum- 
marized in Columns 1 to 4 of Table C-I have been analyzed in detail in the 
1953 Final Report, Project Cirrus, Part II. 

When the seeding began in December 1949, it was not intended to analyze 
the day-by-day rainfall until the Climatological Data of the Weather Bureau 
were published a few months later. However, in January 1950 there were 
numerous newspaper accounts of heavy rains and threatened floods in the 
valleys of the Ohio and Wabash Rivers. Therefore, systematic examinations 
were made of the rainfall data from the daily weather maps for the areas in 
which the rainfalls had been unusually heavy. 

The data showed that there was a striking weekly periodicity in the rainfall 
in the area represented by 20 regular Weather Bureau stations which we call 
Group A stations, or the stations of-Subdivision A. 

These stations are listed in Table 4-II of page 218 of the 1953 Final Report. 
This area, which extended over 350,000 square miles and had a center of 
gravity at 39°N latitude and 87°W longitude at a distance 1150 statute miles 
ENE from Socorro, New Mexico, covered approximately the states of Missouri, 
Illinois, Indiana, Kentucky, Tennessee, and Ohio, as well as parts of Wisconsin 
and Pennsylvania. 

In the latter part of January 1950, in view of the probability that the heavy 
rains might have been influenced by seeding, it was recommended to the 
Steering Committee of Project Cirrus that the amount of seeding in Cycles 
4 and 5 be reduced by omitting the seedings on alternate weeks and by seeding 
only two instead of three days in any one week. 

A study of. the rainfall from Thursday, 3 November 1949, to Wednesday, 
8 February 1950 — a total of 14 weeks — showed that, during the five weeks 
before the start of seeding, the rainfall averaged 0.035 inch per station-day 
but on Saturday, 10 December, four days after the beginning of New Mexico 
seedings, there was a rain of 0.33 inch over the Group A stations, which was 
much heavier than any rain in the previous five weeks. 
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During the nine weeks after seeding started, the average rainfall rose 
abruptly to 0.211, a sixfold increase over the previous five weeks. Before seeding, 
there was no significant weekly periodicity in the rainfall, but, from 8 December 
until 8 February, the average values for the days of the week gave a distinct 
maximum of 0.297 inch on Tuesdays with a minimum of 0.080 inch on 
Saturdays, the Tuesday rains being 3.7 times greater than those on Saturday. 

After this sudden onset of periodic heavy rains in the Group A stations, 
a continued study of the rainfall from the daily weather maps was made. 
Early in March, after 12 weeks of periodic seeding, it was noted that the weekly 
maxima in rainfall on Tuesday and minima on Saturday were typical of 
an area of over 1,000,000 square miles in the eastern half of the United 
States. 

Other groups of stations were, therefore, considered. Finally, the rainfall 
was analyzed in 15 subdivisions of the United States (listed in Table 7-X 
on pages 309 and 310 of the 1953 Final Report and mapped on page 302). 
This area of high rainfall periodicity in Cycle 2 includes the following states 
(besides those already listed in Group A stations): Michigan, Pennsylvania, 
New York, New Jersey, Arkansas, Oklahoma, southeast Kansas, South Dakota, 
and North Dakota. These states having the highest rainfall periodicities in 
Cycle 2 are just those which showed the greatest positive departures from 
normal rainfall during the whole interval from December 1949 through April 
1950 (Cycles 2 to 6, inclusive) as shown in a map of the rainfall anomalies 
on page 328 of the 1953 Final Report. 

During March 1950, a study of rainfall for the first 12 weeks of seeding 
at Buffalo, Syracuse, Wilkes-Barre, New York, and Philadelphia (page 224 of 
the 1953 Report) showed that at each of these stations the rainfall was at least 
10 times greater on Tuesdays than on Saturdays. Thus, for the 12 weeks, 
the average Tuesday rain was 0.254 inch, while the average Saturday rain 
was 0.019, the ratio being 13.4:1. The number of days (out of the 12) on 
which there was 0.1 inch of rain or more averaged 6.8 for the Tuesdays and 
only 1.0 for the Saturdays. A statistical analysis of these data made in Chapter 
7, Table 7-XI, page 311 of the 1953 Report, showed that these high ratios 
between the Tuesday and Saturday rains are of very high statistical significance. 

In February and March 1950, it was noted that the maximum in rainfall 
occurred later at stations further east. During Cycles 2, 3, and 4, the average 
velocity of advance of these phase changes was about 700 miles per day from 
west to east. 

Since the Group A stations covered an area that extended about 800 miles 
from west to east, the effect of averaging thus tends to smooth out the rainfall 
curve and to decrease the contrast between the maximum and minimum 
values. In a search for the region having the highest weekly periodicity, small 
groups of stations within Subdivision A were chosen which lay roughly along 
lines across the ‘‘direction of propagation of the successive waves of rainfall.” 
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The highest periodicity was found with the three stations — Fort Wayne, 
Cincinnati, and Knoxville — which lie approximately along a north-south 
line of a total length of 370 miles at a distance of 1300 miles from Socorro 
(see Table 4-VI, page 218 of the 1953 Report). 

A brief summary of these data is contained in Table C-II ‘of the present 
report, which lists the average rainfalls for the four Sundays, Mondays, etc., 
for each of the three cycles. In each cycle the minimum comes on Saturday 
and the minimum is close to Tuesday. ; 

By statistical methods discussed in Chapter 5 of the 1953 Report, a regression 
equation is found which best fits a cosine curve to the data. This equation 
is given at the foot of Table C-II. The calculated values R,,,, agree excellently 
with the corresponding observed averages; the standard deviation, SD, of the 
differences R,,,— R 1. amounts to only 0.028 inch of rain. 


Tasie C-II 


Summary of Daily Average Rainfall at Fort Wayne, Cincinnati, and Knoxville 
(in Hundredths Inch Per Station Day) for Cycles 2,3, and 4—84 Days from 11 
December 1949 to 5 March 1951 



































Cycle | Sun. | Mon. | Tues. | Wed. | Thurs. | Fri. | Sat. | Avg. 
2 23 24 36 20 15 12 1 19 
3 23 42 38 22 32 17 4 25 
4 4 20 28 34 15 3 3 15 

All 3: 

Obs. 16.5 | 28.3 | 34.0] 25.6 20.6 | 10.5] 2.7] 19.8 

Cale. | 15.5 | 27.2 | 33.4 |. 29.3 18.1 8.2] 7.0] 19.8 

Diff. | +1.0 |+1.1 |+06 | —3.7 | +2.5 |+2.3 | —4.3 


Reate = 19.8+13.6 cos(8— 9). 

Phase of rainfall @ = 2.11 days. 

Ratio of rains on Tuesday: Saturday = 12.6:1. : 

Rains averaging over 0.1 inch occurred on 11 of the 12 Tuesdays, but on only one of the 


Saturdays. 
Correlation coefficients (CC) (see page 296 of 1953 Final Report): 

CC(7) = 0.963, CC(21)z = 0.847. 
Significance factors (SF): 

SF = 185, SF = 24,000. 


The most convenient quantitative measure of the periodicity is the cor- 
relation coefficient, CC, which is illustrated in the lower part of Table C-II. 
There are several ways of calculating the correlation between the rainfall 
and the periodic function by which R,,;, is calculated. If we determine the 
correlation between the seven averages of the observed rainfall corresponding 
to the days of the week and the values of R,,,, for each of the days, we get 
CC(7) = 0.963. The square of this or 0.927 represents the fraction of the 
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variance of the seven averages that can be attributed to the weekly periodicity. 
On the other hand, if we get the correlation between all the 21 rainfall data 
listed for the three cycles, we get CC(21) = 0.794 (not shown in the table), 
whose square, 0.630, gives the fraction of the variance of the 21 values that is 
representable by the periodic regression equation. 

The averages for the three rows of data for the three cycles, as shown in 
the last column, differ from one another considerably. Thus, a part of the 
variance of the rainfall is associated with differences in the average rainfall 
for the cycles that have nothing to do with weekly periodicity. If we subtract 
from the seven values in each row the average value for that row, we get de- 
partures from the averages that show considerably reduced variance, yet 
retain all the evidence of weekly periodicity. The correlation between these 
21 departures and the corresponding values of Ra, give CC(21), = 0.847, 
where we use the subscript R to indicate that correction has been made for 
the effect of the rows. The square, (0.847)? = 0.717, is the fraction of the 
variance of the ‘‘departures’”’ that is due to the weekly periodicity. 

The methods of calculating and evaluating the significance of periodic 
correlation coefficients are discussed in Chapter 5 of the 1953 Report. The 
significance factor SF is given exactly by the equation 


SF = (1—1°)-", 
where r is the periodic correlation coefficient CC(7), CC(28), or CC(28),, 


etc.; and m is an exponent whose value can be calculated from the Fisher 
theory of variance for data that have a normal distribution. 


APPENDIX D 


A Critique of the Design of Experiments on Seeding and Statistical 
. Methods for their Cloud Evaluation* 


Introduction 


I was invited to accompany the Advisory Committee on Weather Control 
to Ramey Field, Puerto Rico, during February 11-14, 1954, to observe the 
operation of the Cloud Physics Project of the University of Chicago. 

Dr. Vincent J. Schaefer was also a special consultant to this project and 
has made a report of eight typewritten pages dated February 17, 1954. I concur 
wholeheartedly with the tribute that he made in regard to the excellence of 


* This report was submitted on April 22, 1954, to the President’s Advisory Committee on 
Weather Control, a five-man group established in August 1953 by the 83rd Congress to ‘‘make 
a complete study and evaluation of public and private experiments in weather control for the 
purpose of determining the extent to which the United States should experiment with, engage 
in, or regulate activities designed to control weather conditions.” (For further information on 
the Committee, see Trans. N.Y. Acad. Sci., November 1954, pp. 48 ff.) 
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the program and the design and use of the equipment on the four planes. 
Particularly, I was impressed by the teamwork, enthusiasm, and imagination 
evident in the organization and operation of this project. 

Dr. Horace Byers gave us excellent talk on the Cloud Physics Project and 
the nature of the tests that have been made since the start of the mission in 
Puerto Rico early in November. 

This project is one of four set up by the Artificial Cloud Nucleation Com- 
mittee. Its objective is to study cloud seeding of trade-wind clouds over the 
open sea near Puerto Rico. Since in this area clouds rarely rise high enough 
to have temperatures below freezing, seeding with dry ice or silver iodide would 
be ineffective, and it was therefore decided to seed with 410 gallons of water 
dumped into the clouds from a large tank in 18 seconds. 


The Design of Experiments on Water Seeding and the Statistical Methods 
of Evaluating the Results 


It was desired to know whether water seeding by this method could produce 
significant amounts of rain. If positive results were obtained, it would then 
be important to determine exactly what effects are produced by seeding and 
what physical conditions in the clouds tend to increase them. 

The best method of detecting rain in clouds was the use of radar in the 
nose of the airplane scanning in a vertical plane perpendicular to the flight 
path. This gave also the dimension of the volume in the cloud that contained 
raindrops. The radar was adjusted so that it would not detect ordinary cloud 
particles but would indicate the presence of incipient rain droplets. 

Dr. Byers said that, in general, ‘‘it was hard to find cumulus clouds of 
respectable size that were not already giving rain” when tested by radar. 

The only clouds that were seeded were those that did not give radar echoes. 
Whenever a cloud was seeded and rain followed as shown by subsequent 
testing, the question would arise whether the rain would not have occurred 
spontaneously even without seeding. This problem can be resolved only by 
a statistical analysis of properly randomized experiments. 

When a cloud of suitable appearance was selected for test, the plane passed 
alongside and determined whether any echo was received by the nose radar. 
If there was an echo, that cloud was passed up and another sought in which 
there was no rain. 

For each of the planes, during the course of the day, two test clouds, A and 
B, were selected that showed no rain when first examined by radar. 

For each of these clouds, a flight program was set up and a number of passes 
through the cloud were specified. When the test on Cloud A was started, a sealed 
envelope was opened that contained randomly chosen instructions to determine 
which one of the two clouds, A or B, was to be seeded. 
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Only after the completion of all the tests on Cloud B was it announced 
over the interphone which of the two clouds was actually seeded. It was thus 
an important part of the design of the experiment that no information as to 
the cloud seeded should be received by the pilot, navigator, or others who were 
in any position to modify the tests on the clouds. 

From a statistican’s point of view, such knowledge would more or less 
invalidate the evaluation of the significance of the experimental results, because 
if, for example, the controller knew that Cloud A had been seeded, then he 
could conclude that Cloud B would not be seeded. If he had a subconscious 
interest in proving that cloud seeding did produce positive effects he might 
even unconsciously, be led to choose for Cloud B one that was smaller or less 
apt to give positive results. Thus a bias might be introduced that would decrease 
the statistical value of the experiment. 

To illustrate the difficulty of devising a foolproof experimental design, 
I may add parenthetically that on February 13, when I took part in a cloud- 
seeding mission, I found that apparently most of the men on the plane knew 
that the dumping of 410 gallons of water caused an almost immediate increase 
in air speed of about 10 miles per hour. There are several air-speed instruments 
on the plane (perhaps one in the plastic dome occupied by the controller), 
so that before the start of the test on Cloud B many of the men knew that 
Cloud A had not been seeded. 

Personally, I think that the effects produced by the seeding on February 
13 were so large that they were not invalidated even if the controller had 
had knowledge that Cloud A was not seeded. 

The randomized flight procedures seem to be excellently designed to test 
the reality of any causal relationship between seeding and subsequent starting 
of precipitation. However, I am not sure that the methods of evaluating the 
results make effective use of all of the information that is or should be available. 
It is true that Dr. Byers did not even outline to us the methods that are to 
be used in Chicago in the evaluation of the flight data. 

During the last few years, I have given much thought to the methods of 
evaluating tests of cloud seeding, and I hope that the following analyses of 
these methods as applied to the water seeding of trade-wind clouds will prove 
useful to Dr. Byers and others who are working on this program. 

The problem that was undertaken by the Cloud Physics Project in Puerto 
Rico was set up in-advance by statisticians of the Artificial Nucleation Com- 
mittee. The general plan that was used for the randomized experiments is 
based on methods devised by R. A. Fisher to handle cases in which the outcome 
of each experiment depends, in part, on many uncontrollable factors. 

Mr. Ferguson Hall, in his article ‘‘An Evaluation of the Technique’ of 
Cloud Seeding to Date” (Trans. N.Y. Acad. Sci. 11, 14, November 1951), 
criticized the methods of evaluating silver iodide seeding that had been used, 
as follows: ‘‘In most cases, methods of analysis are not chosen in advance...” 
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and ‘‘... the absence of any statement in advance of the project as to just what 
results would be looked for makes subsequent evaluation less rigorous.”’ (These 
quotations are taken from the Project Cirrus Final Report, Part II, May 1953, 
on page 229.) 

The public, in general, would like to know with regard to cloud seeding, 
“Can rain be produced by seeding?”’ or, ‘‘Can rain or hail be prevented by 
seeding ?”’ Such questions are like ‘‘Can drugs cure disease ?”’ These questions 
can obviously not be answered by either ‘‘Yes” or ‘‘No.” The formulation 
of the problem must be as specific as possible. It would be an improvement, 
for example, rather than to ask whether the disease can be cured by drugs, 
to ask whether penicillin can cure pneumonia, but even here it is necessary 
to determine just how the penicillin should be used or what type of pneumonia 
is to be considered. Before any attempt to make such a question sufficiently 
specific, it would be well to discuss just what use will be made of the statement 
of the problem. 

Since statistical methods are to be used, it is necessary to sta’e clearly just 
what is to be evaluated. The methods used by the statistician in evaluating 
randomized experiments depend upon the setting up and testing of an appro- 
priately chosen ‘‘null hypothesis.” Thus, to determine whether rain can be 
produced by seeding under specified conditions, the hypothesis is made (ten- 
tatively) that seeding has no effect on the rainfall under these conditions. The 
statistical methods are well adapted to test the seeding hypothesis. 

For example, on examining the experimental data, it may be found that 
the number of cases of rainfall (or the amount of rain) following seeding differs 
from that observed in cases of no seeding by amounts that lie within the range 
that might reasonably be expected from the naturally occurring fluctuations 
in rainfall among different clouds. In this case, the null hypothesis confirmed 
and the conclusion is drawn that there is no valid reason for considering that 
the rain was caused by the seeding. 

On the other hand, the number of cases of rain or the amounts of rain 
following the seeding may lie far outside the range of naturally occurring 
values, in which case the falsity of the null hypothesis is indicated, and the 
conclusion can be drawn that the rainfall following seeding cannot be reason- 
ably attributed to accident. There is then, presumably, a causal relation of 
some kind between the seeding and the rainfall. 


Some Effects of Seeding that Need No Statistical Investigation 


If the effects produced by the seeding were large enough compared with 
the effects due to uncontrollable factors, a statistical investigation would not 
be needed to prove their reality. In the early stages of the work on Project 
Cirrus, we made many flights over supercooled stratus clouds, and we studied 
the effects produced by seeding with dry ice at the rate of about two pounds 
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per mile of flight. Hundreds of photographs were taken of the patterns that 
were seen in the top of the stratus cloud as the supercooled water droplets 
changed to ice crystals. In the first three flights, the seeding was done along 
a single straight line. Later, beginning with Flight No. 4 on April 7, 1947 
we seeded on two straight lines making a right-angle bend, so as to form a huge 
letter L. 

The results of this flight are described on page 113 of the 1953 Project 
Cirrus Final Report, Part I, and a photograph is shown (on page 114) of the 
L-shaped area that had grown to a length of 15 miles and an average width 
of 3 miles; in other words, about 45 square miles of stratus cloud had been 
changed within 30 minutes to ice crystals, which gave a very different re- 
flection of sunlight from the top surface. 

Flight No. 23, made on April 29, 1948 in the vicinity of Cape Cod, Mas- 
sachusetts, involved the seeding of a layer of supercooled stratus clouds with 
a base at 4800 feet and a temperature of —2.8°C, and the top at 8100 feet, 
temperature —9.6°C. Two seeding operations were carried out. One was 
in an L-shaped pattern of a total length of about 6.5 miles. The second seeding 
consisted of six point drops at one-mile intervals along a straight line, with 
1.5 pounds of dry ice dropped at each point. Within about 45 minutes, the 
L-shaped pattern covered an area of 30 square miles and was devoid of clouds. 
There were two planes involved in this flight—one photographed while circling 
at an altitude of 5000 to 8000 feet above the seeded clouds. 

About a dozen photographs were taken from high altitude of the effects 
produced by the six point drops. They became almost immediately visible 
and, within two minutes after seeding, each of them had grown to a diameter 
of 0.3 mile. In 13 minutes they each had a diameter of 1.0 mile and began 
to overlap. 

The effect of even this 1.5 pounds of dry ice was to cause overseeding, 
for the ice crystals did not fall from the stratus clouds; but, after 20 minutes, 
when the stratus deck began to dissipate, the fuzzy ice-crystal clouds remained 
clearly visible after the supercooled clouds had evaporated. 

The results of this Flight No. 23 have been reported in considerable detail 
in Occasional Report No. 10, published in the 1948 Final Report of Project 
Cirrus on pages 121 to 135. A summary with photographs has also been given 
by Dr. Schaefer in the 1953 Project Cirrus Final Report, Part I, pages 115 to 121. 

Flights No. 52 and No. 53 were made on November 24, 1948, over a very 
extensive layer of supercooled. stratus clouds covering most of New York 
State with the top at 7300 feet, temperature —5°C. Seeding was conducted 
with dry ice fragments at the rate of 0.7 pound per mile. Flight No. 52, which 
was made in the morning, gave a flight pattern resembling a giant Greek letter 
gamma, with one of the straight portion 24 miles in length and the other 29 
miles. The loop beyond the cross-over consisted of part of an arc of a circle 
2.5 miles in diameter. 
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After completing the pattern, the plane flew back to the loop and made 
three point drops in the region beyond the pattern and in the direction bi- 
secting the included angle of the two legs. On each side of the seeded line, 
the invasion of the ice crystals into the supercooled cloud proceeded at the 
rate of about 1.3 meters per second for the first 35 minutes. Large areas, of 
10 square miles or more, were completely cleared of clouds, so that the ground 
could be seen, although there were no other holes in the entire cloud deck 
as far as could be seen from a height of about 12,000 feet. 

In the second flight, made in the afternoon (Flight No. 53), the pattern 
was in the shape of a racetrack with straightaways 17 miles long and the parallel 
legs separated by 4 miles. At one end a complete circular loop was formed. 
After completing the seeding pattern of 48 miles in length, the plane climbed 
to 18,000 feet and circled for about an hour, during which time some 50 photo- 
graphs were obtained. At the end of this time, three point drops were made 
consisting of approximately 50 grams, one piece of about 5 grams, and 500 
grams, respectively. ¥ 

The results of these two experiments are given in detail in Occasional 
Report No. 23, which is included in the 1951 Final Report of Project Cirrus 
on pages 232 to 258; in this report, nine large photographs are given of the 
seeded patterns. A summary of these data is also given in the 1953 Final Report 
of Project Cirrus, Part I, pages 120 to 125. 

All six of the point drops that were made in Flights No. 52 and No. 53 
were seen clearly from above. In Flight No. 53, the plane flew down under 
the clouds and its crew saw distinctly the three holes and saw snow falling 
from the edges of these circular seeded areas. This was true also for the point 
drops that were seeded with only a single piece of dry ice weighing from 2 
to 5 grams. In Flight No. 52, 20 minutes after making the three point drops, _ 
it was found that the 20-gram drop had resulted in a circular snow ¢rystal 
cloud 0.9 mile in diameter; with 2 grams the seeded area was 0.4 mile in diam- 
eter; and with the 200 grams it was 0.7 mile in diameter. 

Calculations made for the single pellet of dry ice dropped indicated that 
about one-tenth of it—0.2 gram—would have evaporated within the thick- 
ness of the cloud. Rough calculations then showed that the number of snow- 
flakes produced per gram of dry ice amounted to about 10, which is con- 
siderably less than the number of ice crystals per gram that can be obtained 
in Schaefer’s cold-box experiment when minute pellets of dry ice are dropped 
into a supercooled cloud. 

These well-documented results of Flights Nos. 4, 23, 52, and 53 have 
demonstrated that the conversion of large areas of supercooled stratus clouds, 
even when devoid of turbulence, can invariably be turned into ice-crystal 
clouds by seeding with relatively small amounts of crushed dry ice Statistical 
methods and randomization are no more needed in such experiments than 
they are in ordinary reproducible experiments in physics or chemistry. 
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Controversies over the Effects of Seeding 


At the meeting of the American Meteorological Society in New York on 
January 25, 1949, photographs of the L-shaped seeding pattern obtained 
in Flight No. 23 were shown, and the results of seeding with single pellets 
of dry ice in Flights No. 52 and No. 53 were described. In the discussion 
that followed the meeting, Dr. Ross Gunn said that L-shaped markings in 
stratus cloud decks had been frequently seen by him and he doubted whether 
such markings in our experiments were the result of seeding. 

He also said that one of the things that cannot be believed is that a hole 
of large size could be produced in a stratus deck by seeding with a single pellet 
of dry ice (see 1951 Final Report, Project Cirrus, page 248). Since that time, 
however, I have heard no further suggestions that statistical methods are 
needed in evaluating the evidence that supercooled stratus clouds can be turned 
to ice-crystal clouds by dry ice seeding. 

The situation, however, becomes very different if we consider what other 
effects are produced in supercooled stratus clouds by converting them into 
ice-crystal clouds. Here we encounter uncontrollable and unknown factors 
that may determine when snow falls and how much snow falls from the cloud, 
whether dissipation or cloud growth occurs, etc. Statistical methods can quite 
properly be used in unraveling these complications. 

In supercooled cumulus clouds, because of turbulence, the conditions must 
be still more favorable for rapid production of enormous numbers of ice crystals 
by dry ice seeding. 

In these cumulus clouds, however, it is no longer possible to see the regions 
that contain ice crystals. Radar echoes can often show the distribution of snow 
and rain within the clouds, and indirect information can be had from observa- 

. tions and photographs of virga or rain that reaches the ground. The rate of 
growth of the clouds in height and in other dimensions can be shown by photo- 
graphs. Rain gages on the ground or a scoop on the airplane to collect rain 
in the air under a cloud may give valuable data. 

These effects are sometimes quite spectacular and convincing to those 
who see them, but it may be difficult to prove by these records that such effects 
might not have occurred naturally even if there had been no seeding. 

Because of the widespread public interest in Schaefer’s original results 
with cloud seeding, a controversy soon arose as to whether appreciable amounts 
or rainfall could be produced by dry ice seeding. ; 


The 1948-1949 Cloud Physics Project 


On August 19, 1947, a Cloud Physics Project was set up by the U.S. Weather 
Bureau in cooperation with the U.S. Air Force and NACA. The objective 
was to determine the practical limits and general utility of seeding in producing 
or suppressing precipitation and increasing visibility from aircraft. Experi- 
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ments were carried out with supercooled clouds, and the results were described 
in four partial reports. Short summaries of these were published in the Bul- 
letin of the American Meteorological Society in 1948 and 1949. The full papers 
were contained in Research Papers No. 30, 31, and 33 published by the Weather 
Bureau under the general title ‘Artificial Production of Precipitation.” The 
four partial reports covered the seeding of supercooled clouds as follows: 

1. Stratus Clouds in Ohio, January to April 1948, 

2. Cumulus Clouds in Ohio, Summer, 1948, 

3. Orographic Stratus Clouds over the Sierras, California, Winter 1949, 

4. Cumulus Clouds in the Gulf States, Summer, 1949. 

The authors of these reports were Ross Gunn, R.D. Coons, R.C. Gentry, 
and E.L. Jones. 

The results for the first two partial reports on stratus and cumulus clouds 
are summarized: ‘‘There is no indication that artificial cloud modification 
induced self-propagating storms, and therefore, the only precipitation that 
can be extracted from a cloud is that contained within the cloud itself. The 
experiments suggest that artificial cloud seeding techniques are of relatively 
little economic importance.” 

In these four sets of experiments, no randomized experiments were made, 
and statistical methods were not used for the analysis of the results. There 
were many cases, however, in which there was noncritical rejection of what 
seemed to be positive results of the experiments. For example, the second 
report states: ‘‘Although precipitation fell from a total of 18 clouds, when 
there had been no precipitation falling before the seeding, there were only 
5 clouds that produced precipitation without occurrence of natural rain within 
30 miles. Even for these cases, showers occurred naturally within 40 to 60 
miles.’”’ A circle 30 miles in radius has an area of about 3000 square miles, 
whereas one 60 miles in radius has an area of about 12,000 square miles. Surely 
the occurrence of rain from a seeded cloud within 10 minutes after seeding 
should be compared with the probability that clouds of similar character will 
Start to give rain within 10 minutes. Some estimate of such a probability could 
have been made from the radar observations of neighboring clouds, but instead, 
the occurrence of any rain from any cloud within 30 to 60 miles was used as 
a reason for rejecting or belittling observed data. 

One of the most definite conclusions is given on page 15 of the fourth report: 
**Since without exception clouds dissipated as a result of seeding, the amount 
of rain which could have fallen from any of them would be limited by its 
liquid water content.” 

At a conference of meteorologists at Oslo, Norway, in August 1948, Dr. 
Reichelderfer made a statement: ‘‘In all the experiments made in the United 
States, there was no recorded case in which seeding a cloud with dry ice had 
produced rain when rain from natural causes had not fallen within 30 miles.” 
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He confirmed that clouds had been dissipated locally by the use of dry ice, 
but it was doubted whether there were, in fact, any profitable possibilities 
of rainmaking on an extensive scale. 


Studies of Seeding of Cumulus Clouds by Project Cirrus 


During the summer of 1948, the conditions for studying large cumulus 
clouds in the northeastern states were not favorable. We realized that the 
effects of seeding were complicated by many disturbing factors which needed 
investigation before an intelligent and properly randomized experiment would 
be profitable. We did not expect to get a direct answer to a question, ‘‘Does 
seeding of cumulus clouds produce rain of economic importance?” Rather, 
we planned exploratory experiments to search for the uncontrolled or hidden 
factors that tended to influence the effects of seeding of cumulus clouds. 

At the end of the summer, Mr. Samuel Stine suggested that an ideal location 
for studying cumulus clouds and the possibility of modifying them by seeding 
would be at Albuquerque, New Mexico, a place where he had previously been 
stationed during the war. The advantages of New Mexico for such experi- 
ments are that this is a region where cyclogenesis can occur, where the cloud 
bases are high, and clouds form especially over certain mountains and remain 
more or less in place over those mountains. For these reasons, our studies 
of cumulus clouds have been largely limited to experiments in New 


Mexico. 
The first flights in New Mexico were conducted in October 1948. Flight 


No. 45 was made on October 14, 1948, near Albuquerque, and gave parti- 
cularly interesting results which were described at the meeting of the American 
Meteorological Society on January 25, 1949, The results of this flight were 
so striking that in the following summer from July 11 to July 22, 1949, a set 
of larger-scale experiments was conducted from Albuquerque, and Flights 
No. 103 and No. 111 were made in studying these clouds. 

On July 21 a silver iodide generator was operated on the ground for 13 
hours starting at 5:00 a.m. Later in the day, Flight No. 110 was made to ex- 
plore the effect of the silver iodide seeding and also to use supplementary dry 
ice seeding on clouds at the fringe of the area affected by the silver iodide. 

Occasional Report No. 24, which was included in the 1951 Final Report 
of Project Cirrus, pages 259-278, contains an account of the seeding operations 
with dry ice and silver iodide that were carried on in Flight 45 on October 
14, 1948. It also gives a brief summary of the results. 

Occasional Report No. 21, pages 204-227 in the 1951 Final Report, gives 
a more detailed analysis of the results of the seeding experiments of October 
14, 1948, and July 21, 1949, both conducted near Albuquerque, New Mexico. 

In April and May 1949, studies were also made of large cumulus clouds 
over the interior of Honduras during the dry season of the year. These clouds 
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frequently build to heights of 30,000 to 35,000 feet, yet give no rain. The 
results of the studies of these clouds, which included seeding with water and 
with dry ice, are given in Occasional Report No. 25, included in the 1951 
Final Report, pages 279-295. 

A general summary of the results of these studies of orographic cumulus 
cloud (except for the results of Flight 45) are contained in the 1953 Final 
Report of Project Cirrus, Part I, pages 128-143. A detailed analysis of the 
growth of the Manzano cloud on July 21, 1949, is given in the 1953 Final 
Report, Part I, on pages 85-87. It shows the development of the cloud fol- 
lowing the introduction of silver iodide from a ground generator and shows 
also the radar echoes that were obtained during the development of this 
cloud. 


The Control of Precipitation from Cumulus Clouds by Employment of 
Various Seeding Techniques 


Part I of Occasional Report No. 21 on pages 204-210 of the 1951 Final 
Report of Project Cirrus emphasizes that the effects produced in cumulus 
clouds by seeding can range from dissipation to the generation cf heavy and 
even long continuing rains. The results depend, of course, not only on the 
seeding but on the characteristics of the selected clouds. Certain types of 
clouds can be easily dissipated by seeding but could probably not be made 
to give rain. Other clouds, however, are particularly adapted to respond to 
seeding operations with the production of rain. 

In view of these complicated interrelations between the seeding technique 
and the characteristics of the clouds, there can naturally be no simple answer 
to the question, ‘‘Can seeding induce rainfall or can seeding dissipate clouds ?”” 
At this stage in the development of the new science of meteorological control, 
it is best to plan experiments under conditions as favorable as possible for 
producing specific desired results. 

In Part I of Occasional Report No. 21 it is pointed out that, during the dry 
season in Central America—particularly in Honduras and Guatemala—it is 
almost a daily occurrence for cumulus clouds with bases at 8000 feet to 12,000 
feet to rise to heights of 28,000 feet to 32,000 feet without giving any rain. 
When they reach the —39°C isotherm, they undergo a profound change to 
ice crystals and form at first a ‘“‘ring crown,” which develops into a pancake- 
shaped mass of cirrus that usually moves with the counter trade wind and 
covers large areas. No virga fall from these clouds, as the ice crystals are too 
fine. Clouds of this character form fairly frequently during the summer months 
in Arizona and New Mexico. 

I believe that these clouds offer the greatest opportunity for making repro- 
ducible seeding experiments, for I think that all such clouds can be profoundly 
modified by seeding with either dry ice or silver iodide. 
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In Arizona and New Mexico there are not only these cirrus pumping clouds 
that give no rain, but there are others that develop into thunderstorms and 
then give heavy showers. These clouds usually form as a result of orographic 
effects associated with heating of mountain slopes by the sun. Even with winds 
of 30 or 40 miles an hour at 25,000 feet, they often form a series of cumulus 
towers that form successively over the same mountain peak. In some cases, 
these thunderstorms are carried away with the wind and continue as storms 
that travel across the country. 

It is under just these conditions—where there is such a deficiency of natural 
ice nuclei that convective clouds can rise to very great heights before rain can 
occur—that the effects of artificial nucleation are most striking and most 
easily proved. 

By treating rapidly growing cumulus clouds by the introduction of ice 
nuclei from small amounts of dry ice, even single pellets, at altitudes only 
slightly above the freezing level, rain and radar echoes can be started in a 
developing cloud at lower levels than that at which spontaneous initiation 
can occur. The heat thus liberated at low altitudes has a much greater effect 
in stimulating turbulence (a chain reaction) than when nucleation takes place 
at a higher level. 

On the other hand, the introduction of high concentrations of ice nuclei 
near the top of the growing cloud is the best method to produce dissipation 
and to prevent further growth. The heat thus generated near the top of the 
cloud tends to prevent turbulence and to make the top of the cloud float off, 
separating itself from the lower part. 


Sensitiveness of Randomized Experiments 


The exploratory experiments on cumulus clouds by Project Cirrus that 
formed the basis for the summaries given in Occasional Reports Nos. 21, 
24, and 25 proved that the relation between seeding and subsequent rainfall 
involves many uncontrolled factors. Some of these might even reverse the 
sign of the effect, so that in some cases rain and in others dissipation of clouds 
might result from seeding. If the results, or scores, of several experiments 
are lumped together, it is thus natural that the results should be quite erratic 
and hard to interpret. 

Mr. Ferguson Hall, in an evaluation of the technique of cloud seeding, 
stated (see 1953 Project Cirrus Final Report, Part II, page 223): ‘‘In conclusion, 
it is the opinion of the Weather Bureau that in spite of the rather discouraging 
results of most of the field tests, it is likely that cloud.seeding has some effect 
on precipitation. Our impression is that the effects must be quite modest 
since it is so difficult to detect them.” 

If, under specified conditions, seeding does produce rain from certain 
types of clouds, it should be possible to prove this by properly randomized 
experiments. 
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The number of randomized experiments that may be needed to justify 
a conclusion that seeding can be made to produce rain will depend greatly 
on the care with which the experimental conditions are selected to avoid undue 
influence of disturbing factors. 

The difficulties in evaluating the results of randomized tests performed 
on orographic cumulus clouds over mountains can be illustrated by considering 
the flight in Honduras on April 18, 1949, that is described on pages 411-412 
of the 1953 Project Cirrus Final Report, Part II. Two clouds, A and B, were 
seeded with pellets of dry ice, each about one cubic inch. These clouds were 
situated about 45 miles WNW of Tegucigalpa, Honduras, over the Great 
Divide, which in this neighborhood ranges from 7000 feet to 8000 feet above 
sea level, about 100 miles S of Puerto Cortes on the Caribbean coast. This 
was during the dry season when practically no rain occurs, even over the 
mountains. 

The cloud bases had an altitude of 10,000 feet to 12,000 feet, and Cloud 
A reached an altitude which is now estimated as 28,000 feet. It was a tall cumulus 
which gave no virga and no rain, and it was a little more than 4 miles in 
diameter. The cloud was seeded by two pellets of dry ice, dropped from the 
plane during each of several passes into the nearly vertical sides of the cloud 
at 21,000 feet. Twelve pellets were dropped altogether in this way. 

After completing the circuit of the cloud, the plane went away, and within 
a very few minutes we could see that a band around the cloud at this height 
had been changed to ice crystals. Very rapidly, the lower part of the cloud 
rained out, lowering the cloud base about 3000 feet to 4000 feet, while the 
upper part of the cloud turned to ice crystals, floated off, and was carried 
away by the counter trade wind. Rain was undoubtedly produced in the lower 
part of the cloud, but it caused rapid dissipation of that cloud. 

A few minutes later, a second cloud, B, which had a top at 21,000 feet, was 
seeded by a single pellet of dry ice. Within 10 minutes the whole of this cloud 
had turned to ice crystals, although there were no other clouds in the neigh- 
borhood that contained any ice crystals. 

During the original passes through Cloud A, it was found that the cloud was 
supercooled, as ice deposited on the plane. We thus see that the pellets of dry 
ice which fell from the altitude of 21,000 feet down to the freezing level caused 
dissipation and precipitation from the lower part of the cloud and caused 
floating off and conversion to ice crystals in the upper part of the cloud. 

To score the results of this modification of the cloud by simply saying that 
rain was produced gives a very false impression of what was actually observed. 


We now know that more definite results could have been obtained by seed-- 


ing at an altitude of say 25,000 feet with very finely powdered dry ice or with 
liquid carbon dioxide so as to cause dissipation of the upper part of the cloud 
without causing any precipitation in the lower part. On the other hand, if 
seeding had been carried out at about 15,000 feet to 18,000 feet with a few 
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dry ice pellets, it is probable that the whole of the cloud could have been turned 
into a rather heavy rainstorm. 

Such experiments give much food for thought and give knowledge that 
can be useful in a more rational design of further experiments. 


R. A. Fisher’s Analysis of the Sensitiveness of Experiments 


There is a very illuminating discussion of the sensitiveness of randomized 
experiments in Chapter 2 of the book entitled The Design of Experiments, 
by R.A. Fisher, Hafner Publishing Company, New York (1951), pages 19 
to 25. It is stated, for example: ‘‘The simple precaution of randomization 
will suffice to guarantee validity of the test of significance by which the result 
of the experiment is to be judged.” Since in every case the experiment is capable 
of disproving, but never of proving the null hypothesis, we may say that the 
value of the experiment is increased whenever it permits the null hypothesis 
to be more readily disproved. The null hypothesis in the case that we are 
considering is the hypothesis that seeding has no effect on precipitation. It 
is not possible to prove by experiment that seeding has no effect. It may, 
however, be possible to disprove this null hypothesis, which would mean that 
the results that occur after seeding cannot be accounted for by chance fluc- 
tuations of normal weather. 

Fisher then goes on to say that the sensitiveness of the method may, in 
some cases, be very low. This may be improved by enlarging the experiment 
to include more cases or to repeat complete experiments. However, ‘‘instead 
of enlarging the experiment, we may attempt to increase its sensitiveness by 
qualitative improvements.” By the proper choice of experimental conditions, 
it may be possible to eliminate or reduce the effects of disturbing factors (back- 
ground noise) and thus increase the sensitiveness of randomized experiments. 

Applying these principles to our cloud-seeding experiments, it thus becomes 
very necessary to make preliminary experiments and to develop theories and 
hypotheses that would indicate the probable effects that may be caused by 
each of the disturbing factors. When a high cumulus cloud is rapidly growing 
and is seeded just above the freezing level, it may be made to give rain, whereas 
if the cloud is seeded near the top it may be dissipated. The tendency for a cloud 
to dissipate or to give rain depends very greatly on the turbulence within 
the cloud and on the presence of wind shear. In turn, the turbulence depends 
greatly upon the insolation of the mountain slopes below the cloud and on 
many other factors. 

To get as great a sensitiveness as possible from the experiments, it is there- 
fore necessary to group together, for the purpose of analysis, those clouds 
which are seeded under specific conditions best adapted to produce the effect 
that is to be studied. If, for example, we are interested in the production of 
rain, we must not include experiments in which the clouds are already tending 
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to dissipate. We should experiment with clouds that are rapidly growing in 
height and seed them near the freezing level. 

Any rational design of experiments for the study of rain production by 
seeding techniques should be based upon hypotheses and theories derived 
from and checked by exploratory experiments. Thus it is important not to 
plan such experiments for a whole season in advance, for one is almost sure 
to learn from many of the experiments something that may be important in 
the design of the next experiment. There is no objection to making a change 
in design from one experiment to the next, provided the final experiment is 
adequately confirmed by repetitions using randomization if needed. 

The increase in sensitiveness that may be obtained by altering the original 
experimental procedures, so as to get better control of disturbing factors, 
can often far outweigh the evidence that could have accumulated from a con- 
tinuation of the original experiment. 

Fisher says (page 24 of his book) that refinements of technique to reduce 
effects of disturbing factors ‘‘may, however, be important, and even essential, 
in permitting the phenomenon under test to manifest itself.” Without this, 

“though the test of significance remains valid, we may have little chance of 
scoring a significant success.’ 

We might consider, for example, that in a wibasisind at the surface of a 
rough sea many carefully randomized experiments may be needed to ‘detect 
any relation between the length of a pendulum and its frequency of oscillation, 
but if the submarine goes below the surface or rests on the bottom, precision 
gravity measurements may be made with the same apparatus without need 
for any randomization. 


Large Versus Small Effects of Seeding 


In our early experience in Project Cirrus, we concluded that it is normal 
to get large effects from seeding. For example, by the use of a few pounds 
of dry ice, a hundred square miles or so of supercooled stratus cloud can be 
changed into ice crystal clouds. Similar modifications of supercooled cumulus 
clouds can even more rapidly be produced, but the production of rain appears 
to be a complicated secondary effect that often depends upon chain reactions 
of various types. Seeding can provide a triggering action causing profound 
changes in large cumulus clouds, but because of many different possible effects 
due to hidden conditions within the cloud, the results are not always clear-cut. 

Such complications were particularly apparent when clouds were seeded 
for commercial production of rain over agricultural land with the object of 
getting: increased rainfall over moderately large areas for several weeks or 
months at a time. The farmer or rancher might be content with a relatively 
small increase in rainfall. We thus have many statements like that quoted 
from a paper by Ferguson Hall: ‘“The sie must be quite modest since 
it is so difficult to detect them.” 
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The most interesting of the Project Cirrus experiments on the seeding 
of cumulus clouds occurred on July 21, 1949. This experiment has been de- 
scribed and analyzed in some detail in Occasional Report No. 21 (1951 Final 
Report, pages 215-227; 1953 Final Report, Part I, pages 85-87). The silver 
iodide ground generator was started at 0.530, and balance balloons showed 
that the wind was moving 10 miles per hour from the N towards the Manzano 
Mountains. At 0.830 an isolated orographic cumulus cloud over these mountains 
started forming 25 miles S of the station. The cloud top grew at an average 
rate of 160 feet per minute until 0.957, when it had reached a height of 26,000 
feet and its temperature at the top was —23°C. It then suddenly started shooting 
up at 1200 feet per minute and in 15 minutes had risen to a height of 44,000 
feet with a temperature of —65°C. 

At 1006 when the cloud top was at 36,000 feet (—49°C), a radar echo of 
about one square mile appeared within this cloud at 20,500 feet and a tem- 
perature of —9°C. Within four minutes the radar echo increased to seven 
square miles, and within the next two minutes it extended upward to 34,000 
feet where the temperature was —43°C. Thus the radar echo increased in 
height at the rate of 2250 feet per second. The first flash of lightning occurred 
four minutes after the appearance of the first radar echo. Heavy rain was soon 
seen to fall to the ground. The top of the cloud moved towards the W, but the 
lower part moved towards the NE. About that time the wind on the ground 
also started blowing from the S. 

This single storm grew continuously into many storms covering a large area as 
shown by the climatological data for the month of July. Rains of more than 0.5 
inch (with an average of 0.77 inch) extended over an area of 14,000 square miles, 
which extended from Albuquerque to a distance of about 120 miles to the N, 
NE, E, and ENE. This rain amounted to about 570,000 acre-feet. By the end of 
that day, the Pecos River—which has a basin of 2700 square miles within this area 
of heavy rain—gave an average flow of 3900 cubic feet per second, which was 
considerably higher than any day’s flow of this river since June 1946. 

Although these rain measurements were naturally not available to us for 
several weeks, we did observe on that day of July 21 many things that indicated 
very large-scale effects of seeding. There was at our station a very heavy thunder- 
storm with about 1.2 inches of rain during the afternoon, and in the nearby 
mountains there was a violent thunderstorm with flashes striking the ground 
about 20 seconds apart. Some of the nearby roads became impassable for 
automobiles, with water more than a foot and a half deep over the road. 

At a conference that evening, Mr. William Lewis of the Weather Bureau said 
that the day’s operations had been very interesting, and the seedings did produce 
some modifications of clouds; but he thought that there was not more than a5 
or 10 per cent increase in rainfall over that which would have fallen without 
seeding. He said, however, that a 10 per cent increase in rainfall was really 
a very respectable amount, and to do as much as that was quite extraordinary. 
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This judgment was made before he had any rainfall data or any knowledge 
of the extensive area of the storms except what we had obtained by radar 
echoes from clouds within 30 miles. 

Later, in an interview published on March 3, 1950 in the U.S. News 
and World Report, Dr. Rechelderfer said that in these tests Mr. Lewis had 
reported ‘‘that in his opinion the rain occurred naturally, and the artificial 


seeding with silver iodide caused at most a 5 to 10 per cent increase in rain.” 


On our return to Schenectady on July 29, 1949, it was decided to start 
experiments to repeat, every week, experiments like those of October 14, 
1948, and July 21, 1949. It is pointed out in the 1953 Project Cirrus Final 
Report, Part II, page 214, that seeding on Tuesday, Wednesday, and Thursday 
of each week is equivalent in its effect to randomization and may lead to signifi- 
cant results more quickly than the use of ordinary randomization by tossing 
coins. The important point is that both ordinary randomization and seeding 
on predetermined days of the week have the effect of insuring that the seeding 
does not occur in response to current meteorological conditions. 

When the plans for these experiments were discussed a little later with 
William Lewis, he said that he had made an analysis of the effects to be expected 
from such periodic seedings. He concluded that there was no use in starting 
such experiments unless one was prepared to carry them on for at least five 
years. He found that for shorter times the rainfall at Albany, N.Y., averaged 
for the separate days of the week, showed such large natural fluctuations that 
a 10 per cent increase on:certain weekdays due to seeding would not be dis- 
tinguishable from these random fluctuations. 

I criticized his conclusion on the basis that it involved the ad hoc assumption 
that seeding could increase the rainfall on particular days by not more than 
10 per cent. 

When we did actually start the weekly periodic seedings in New Mexico 
early in December 1949, it was found that the rainfall over the Ohio River 
Basin and adjacent regions (about one million square miles) immediately 
became highly periodic. On page 224 of the 1953 Final Report, Part II, it was 
shown that at Buffalo, Syracuse, Wilkes Barre, New York, and Philadelphia, 
for the 12 weeks following the starting of the periodic seeding, there was an 
average of 13 times as much rain on Tuesdays as on Saturdays—a ratio of 13.0 
to 1 instead of the maximum of 1.1 to 1 postulated by Lewis. 


Alternative Methods for Evaluating Seeding Experiments 


An analysis of the ‘‘Problem of Documentary Evidence of the Effectiveness 
of Cloud Seeding’? was presented on September 4, 1952, at the East Lansing 
Symposium on Cloud Seeding* by T. A. Jeeves, L. M. LeCam, J. Neyman, 





* Sponsored by the Institute of Mathematical Statistics, the American Meteorological Society, 
and the American Geophysical Union. 


Google 


566 Widespread Control of Weather by Silver Iodide Seeding 


and E. L. Scott. The object was to evaluate seeding. experiments made to 
increase rainfall over relatively small target areas — ‘“‘say, a county or the 
watershed of a creek.” 

After criticism of three current methods for evaluating cloud-seeding experi- 
ments, they concluded that the proper method of approach was to use Fisher’s 
randomized experiments. As an illustration, an experiment was designed 
essentially like that of the Puerto Rico tests of the Cloud Physics Project, which 
we observed during an operating flight on February 13, 1954. 

The falsity of the null hypothesis (that cloud seeding has no effect on 
precipitation) can be proved if the rain found after seeding is greater or more 
frequent than can reasonably be explained by naturally occurring fluctuations 
of rainfall predicted by the ‘‘distribution function (1)” characteristic of unseeded 
precipitation. Thus it may be possible, with a sufficient number of experiments, 
to prove that seeding does have a significant effect even if we have no knowledge 
of the ‘‘distribution function (2)” that characterizes seeded precipitation. 

The sensitiveness of this test for the falsity of the null hypothesis is, however 
dependent on the distribution function (2) of seeded precipitation. Thus, 
uncontrolled factors (background noise) and the fact that seeding, under 
specified conditions, sometimes produces and sometimes prevents rain, may 
even make the test worthless, so that. it would require a prohibitively large 
number of repetitions before significant conclusions could be drawn. 

The writers of the paper under consideration have recognized that the 
best method of analysis must involve knowledge of both distribution functions 
(1) and (2). They say that the proper utilization of the knowledge of both of these 
distributions can theoretically be obtained by the nonparametric Wilcoxon test. 

They illustrate the application of this test by considering a hypothetical 
case in which ‘‘cloud seeding does have a positive effect and increases the 
precipitation by 20 per cent on the average.’ Both distributions are then needed, 
so that.we must know ‘“‘the manner in which the average 20 per cent increase 
in precipitation is attained by seeding operations. ...With respect to the distri- 
bution function (2) we had much more trouble. Here we had no empirical data 
to rely on and, therefore, our results had to be purely hypothetical.” 

Because of lack of specific knowledge on these points, they consider three 
“‘hypotheses regarding the machinery of the 20 per cent increase in precipita- 
tion.” These are expressed in terms of three empirical equations that give 
relations between the distribution of type (2) and that of type (1). 

Regarding the distribution (2) they say: ‘‘Unfortunately, the situation 
here is not satisfactory.” 

Later, they test the equations by applying them to some seeding experiments 
in California. Using the first of the three hypotheses in regard to the two 
types of distribution functions, they reach the conclusion that it would take 
about 65 years of experimentation to have a reasonable chance of proving 
the reality of a 20 per cent positive effect of seeding. On the other hand, when 
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they use the third of the proposed hypotheses, they find that a similar demon- 
stration of the positive effect of seeding would take 10 years. 

| This discouraging appraisal of the possibilities of finding significant effects 
of cloud seeding is almost identical with that made by William Lewis in his 
1949 study of the Albany rainfall fluctuations for 5 years. The conclusion is 

| completely dependent on the ad hoc hypothesis that seeding can causeat most 
a 20 per cent increase in rainfall, on the average, and that this distribution is 
essentially similar in type to that of unseeded rainfall. 

My own view of this matter, based on Project Cirrus experiments, is that 
seeding of clouds of the proper types produces fundamental changes in the 
frequency distribution function (2) of the rainfall from seeded clouds. Thus, 
with inadequate knowledge to guide us in selecting the clouds to be seeded, 
we should expect to get a few large positive effects and many small or even negative 
effects. 

Which of the clouds (or weather situations) will give the few large effects 
may depend upon many uncontrolled or hidden factors. If the experiments 
are uncritically lumped together, the distribution (2) may be such as to greatly 
decrease the sensitiveness of the tests. 

Exploratory unrandomized experiments such as those made by Project 
Cirrus on cumulus clouds may reveal just what types of weather situations 
give the occasionally large effects. These, if properly segregated (or controlled), 
would make the tests of such high sensitiveness that significant conclusions 
of the effectiveness of cloud seeding might be reached very quickly. 

Thus, in spite of William Lewis’ prediction that proof of the effectiveness 
of periodic seeding would take at least 5 years, we actually obtained within 
a few weeks results of much higher significance than he thought would be 
possible after 5 years. The reason for this discrepancy was that Lewis postulated 
a relative increase of 1 to 1.1 from seeding, whereas our experiments unexpec- 
tedly gave ratios of 1 to 13.0. 

We may clarify the problem of detecting significant effects of seeding upon 
rainfall by considering two types of null hypothesis. It is to be understood 
that objective specifications are to be adopted to regulate the choice of the 
types of seeding, the types of clouds to be selected, and the methods of scoring. 

Two alternative null hypotheses could be the following. 

A. Seeding Has No Effect. To prove the falsity of A, we need to know 
the distribution function (1) for unseeded clouds. If A is false, then the 
significance of seeding is proved. 

B. The Omission of Seeding Has No Effect. The falsity of B requires 
knowledge of the distribution function (2) for seeded clouds. If B is false, 
then the significance of seeding is proved. 

: In B, it is understood by the ‘‘omission of seeding” that the clouds may 
be considered to be normally seeded according to a definite specification but 
that we are to study also the effect of omitting this normal seeding. 
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Since the evaluation of the significance in A and B depends upon different 
distribution functions, (1) and (2), the methods are essentially different and, 
in general, one or the other of these two methods will show the greater 
sensitiveness. 


Examples of Some Large Effects Produced by Cumulus Cloud Seedings 


From our knowledge of the mechanism of the induction of rainfall by 
seeding and from general observations in the course of five years’ work in 
Project Cirrus, there is much evidence that seeding induces rainfall in a relatively 
small proportion of the clouds that are seeded but that among these cases of 
induced rainfall there are many that represent extremely large and quite ab- 
normal effects. Any program of investigation of the effects of seeding should 
be prepared to analyze in great detail these unusual storms. A study of them 
will indicate, I believe, that the frequency distribution function for rainfall 
from seeded cumulus clouds is quite different from that characteristic of 
unseeded clouds. 

There have been many cases during these five years of Project Cirrus in 
which we have encountered some extraordinary storms that have followed 
almost immediately after seeding operations. These storms, in general, cannot 
be reported in detail, for we have not the consent of all those involved and 
because, in some cases, there was considerable property damage. 


1. There is one very remarkable case, not involving Project Cirrus, 
in which two almost identical clouds were observed to form rather early 
in the morning on a day when no thunderstorms were expected until late 
in the afternoon. The clouds were a few miles apart and were growing 
rapidly. A plane carrying dry ice took off and seeded the smaller of the 
two clouds. Almost immediately the cloud started growing much more 
rapidly, and it seemed to draw towards itself the other cloud until they 
merged into one exceptionally large and severe storm which traveled at 
least one hundred miles and did much damage. 

2. On February 29, 1948, at Tegucigalpa in Honduras, I described to 
a pilot the theory that large cumulus clouds with strong updrafts could 
be made to give rain by introducing water into them. It was arranged that 
this pilot should meet me at a conference on March 4 at La Lima, where I 
would describe the water-seeding technique in more detail. 

On Tuesday, March 2, during the afternoon, I made observations of 
some large clouds that developed in the SSE in the neighborhood of Te- 
gucigalpa which was about 100 miles away. I estimated that the clouds 
were of exceptionally great height. 

On Thursday, March 4, the conference was held, but the pilot to whom 
I had spoken did not attend the meeting. This caused considerable comment 
because we knew that he was especially interested in this program. During 
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the course of the morning, however, a man came from Tegucigalpa by 
airplane and when he met us he said, ‘“‘Did you hear of the remarkable 
rain storm that we had on Tuesday afternoon in which over 4 inches of 
rain fell in an hour and a half between 3:00 p.m. and 5:00 p.m.?” He 
said, ‘Nothing like it, at this time of the year, has ever occurred in anybody’s 
memory.” 

A year later, I learned that on March 2, during the afternoon, the large 
growing cumulus cloud near Tegucigalpa had been seeded by dropping 
25 gallons of water into a part of the cloud where there were very strong 
updrafts. Within half an hour, this storm developed into the storm that 
gave 4 inches of rain. 

In the ‘‘Weather Summary for Central America,” issued by the Hydrog- 
raphic Office of the U.S. Navy Department, H. O. Pub. No. 531 (1948), 
on page 49, a table is given for the rainfall and other data in Tegucigalpa 
for seven years of records. 

Although the average annual rainfall is 33.2 inches, with 83 rainy days 
per year, the average rainfall for February is only 0.1 inch with an average 
of one rainy day, and the average rainfall for March is only 0.2 inch with 
an average of one rainy day. 

It appears, therefore, that a 4-inch rainfall at the beginning of March 
in Tegucigalpa must be an extremely unusual event. 

3. In an address before the National Academy of Sciences on November 
17, 1947, I described in some detail the results of the seeding of a cloud 
with dry ice by Project Cirrus on August 25, 1947, in the neighborhood 
of Schenectady. A stenographic report of this lecture was given in the 
Proceedings of the American Philosophical Society 92, 181 (1948). The 
storm had remarkable characteristics. It was different in many ways from 
any storm that I have ever seen, and in this case, an exceptionally heavy 
rain and high wind occurred within about 20 minutes after the seeding 
of this cloud by an airplane at high altitude. There were no other rains 
in the neighborhood. This storm did not continue long and ended quite 
abruptly within a half hour after the rain started. 

4. On the afternoon of one day near the end of July 1949, two seeding 
experiments were performed at Bolton on Lake George. For the first experi- 
ment about 1.1 grams of silver iodide was used, and for the second experiment 
about 0.3 gram. Two separate thunderstorms were formed, one from each 
of the seeding experiments, the rain occurring within about one hour after 
the release of the silver iodide at ground level. Both of these remarkable 
storms differed in type from any others that I have known of in the neigh- 
borhood of Lake George. The unusual characteristics, however, are in 
accord with effects that can reasonably be expected from silver iodide 
seedings. These experiments are described in some detail in the 1953 Project 
Cirrus Final Report, Part II, pages 209-211. 
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5. On October 13, 1947, a tropical hurricane 350 miles NE of Jackson- 
ville, Florida, was seeded by the Operations Group of Project Cirrus. This 
was described in the address before the National Academy of Sciences on 
November 17, 1957.* Within a few hours after the seeding, the hurricane 
changed its direction by turning almost abruptly to an angle of about 120° 
to the left, and it also changed from being a large-size extra-tropical cyclone 
to a typical small-diameter hurricane. 


The foregoing five examples of large effects from cumulus cloud seedings 
are taken from a list of 24 such cases that have been analyzed in some detail. 

My present view is that the cloud modifications in all of these cases were 
induced by cloud seeding. They represent, however, only a small fraction 
of cases of known cloud seeding. This means that only occasionally do we 
find within growing cumulus clouds the conditions suitable for setting off 
the phenomena that lead to the development of unusually heavy rain. In all 
of these cases, the rain began at about the right time interval after the seeding 
to make it highly probable that the seeding caused the development of the rain. 
I anticipate that in the semi-arid states of Arizona and New Mexico, where the 
Cloud Physics Project expects to operate beginning September 1954, large 
effects of this kind can be produced rather frequently. 


Flight Observations, Puerto Rico, February 12, 1954 


After the briefing by Dr. Byers on the Cloud Physics Project, we inspected 
one of the B-17s and studied the equipment for determining the physical 
conditions within clouds. 

During the afternoon of February 12, an airplane sight-seeing trip along 
the north coast of Puerto Rico to the Virgin Islands and back via the northeast 
point of Puerto Rico and the south coast demonstrated the wide differences 
in rainfall in different parts of Puerto Rico and among the Virgin Islands. 
Some of the islands were almost barren with very little vegetation; others were 
forest-covered. Even some of the small islands showed a non-uniform distribu- 
tion of rain, with very little rain on the eastern windward side and much more 
rain a few miles farther west. 

During the ten days in which Project Cirrus operated from Ramey Field, 
Puerto Rico, beginning February 3, 1949, we were interested in the distribution 
of rainfall over Puerto Rico in relation to the air flow over the island. The 
normal annual rainfall for Puerto Rico is 69 inches, but this is very irregularly 
distributed. There is a band of heavy rainfall that extends from the upper 
slopes of El Unque, a 3500-foot mountain at the northeastern part of the island, 
down to the coast at Luquillo. The rainfall in this band ranges from 136 to 
160 inches per year. 


* Proc. Am. Phil. Soc. 92, 183-185 (1948). 
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The whole eastern. end of the island along the coast has rainfall from 65 
to 80 inches. There is another area of heavy rainfall exceeding 100 inches 
per year near the highest mountain of the island, Cerro de Puenta, 15 miles 
north of the port of Ponce on the south coast. The western part of the coastal 
plains in the :outh is in a ‘“‘rain shadow,” where the rainfall is only 20 to 30 
inches per year, which makes it almost as arid as Arizona. 

The west end of the island, even along the coast, shows moderate rains 
running from 60 to 80 inches. The Mona Passage, about 70 miles wide between 
Puerto Rico and the east end of the Dominican Republic, is a region of con- 
siderable interest because of large thunderstorms that build to great heights 
during the early hours of the morning (3:00 a.m.) during many months of 
the year. These are caused. by the blocking of the trade wind by the mountains 
in the central part of the Dominican Republic, particularly when the katabatic 
winds blow down from these mountains during the night. Evidently, very 
small differences in the degree of convergence, even far to the windward of 
mountains, can greatly favor the initiation of rain. We shall see that this sen- 
sitiveness of the trade-wind areas to convergence is important in understanding 
the effects. of water seeding of trade-wind clouds. 

During the flight on February 12, we noted an apparent complete absence 
of normal trade-wind conditions. There were almost no whitecaps over the sea. 


Flight Mission on February 13, 1954 


Dr. Schaefer, Dr. J. Oppenheimer, and I went on a water-seeding flight 
to a location at about 16°N latitude and 66° W longitude, roughly about 120 
miles S of Puerto Rico. On this day, there was again a remarkable absence 
of trade wind. There were no whitecaps to be seen anywhere over the surface 
of the sea. Roughly, more than 80 per cent of the area over the sea that we 
traversed, the sky above and below us, was cloudless. No cirrus or other clouds 
above 10,000 feet were visible over the sea. 

The trade-wind clouds occurred in widely separated clusters with large 
cloudless areas between them. The cloud clusters were areas of slight horizontal 
convergence, 5 to 10 miles in diameter, that contained many small cumulus 
clouds with bases at about 3700 feet and tops that usually ranged from 5000 
to 8000 feet. Even within the clusters, more than half of the area represented 
open spaces between clouds where there was local subsidence. 

The large clear or cloudless areas between the clusters had dimensions 
of the order of 20 to 30 miles, and there were areas of slight subsidence with 
horizontal divergence at the level of the cloud bases. 

On many days trade-wind clouds at height roughly 2/3 of the way from 
the bases to the tops occasionally spread out into thin layers of stratus from 
which light rain often forms. On February 13 we saw no such stratus formation 
among the clouds over the sea. 
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The plane took off from Ramey Field at 1122 and went first southwest 
looking in vain for suitable clouds over the Mona Passage. Then, on a course 
towards the southeast, we came into a region where some clusters of clouds 
were building to a greater height. At about 1230, Puerto Rico time, I went 
into the nose to watch the adjustment of the nose radar to detect the presence 
of droplets of incipient rain formation. At about 1245 we made a test, passing 
close to a cloud to determine whether there was precipitation. An echo was found. 

Cloud A. At about 1250 a cloud was found that gave no echo on passing 
alongside. This was chosen as Cloud A in the randomized seeding experiment. 
During the first and second passes through this cloud, samples of cloud droplets 
were taken by using Bowen’s method of receiving them on a glass plate covered 
with a layer of oil. Microphotographs of these droplets were taken. This ap- 
paratus provides an excellent method of determining cloud-droplet sizes, 

Cloud B. Shortly after 1 o’clock I joined Captain Neil in the plastic dome 
and for the first time got a complete view of all the surrounding clouds. There 
were two cumulus clouds rising to a greater height than any of the others. 
These were perhaps 5 or 6 miles apart. We passed close to the side of each 
of these two clouds, one after the other, and found precipitation in each. 
Captain Neil then suggested that I pick out a cloud suitable for seeding. I 
chose one which was distinctly smaller than the other two and that rose to 
a smaller height than the other two that we had chosen, but it seemed to be 
ideal for the purpose. It had nearly vertical sides, and there were clear spaces 
near it where we could take good observations. 

On passing close to this cloud, we found no echo and, therefore, the project 
was set up to make four passes through this Cloud B at about 6500 feet. The 
cloud appeared to rise about 1000 feet above us, so that the top was at perhaps 
7500 feet. On the first pass, no echo was detected by the nose radar. 

During this first passage through the cloud, there was a distinct deposition 
of water on a sharply defined area about 30 centimeters wide, and about 10 
to 15 centimeters high on the radar dome. At the time, I was rather surprised 
to see such an amount of water depositing from a cloud that showed no radar 
echo. Later I shall show how the droplet size can be estimated from these 
observations. 

On the second pass no radar echo was received, and the amount of water 
collected on the radar dome was distinctly greater than on the first passage. 
On the third passage through the cloud, a very good radar echo was received, 
as has already been mentioned in Dr. Schaefer’s report. In the fourth passage, 
even larger radar echoes occurred all the way down to sea level. At that time, 
the water deposited on the dome seemed to be distributed over the whole 
forward half of the dome. I understand from Schaefer that the rain could be 
heard striking the surface of the plane. 

The changes in this Cloud B during these four passes seemed to me just 
what would be expected from water seeding under favorable conditions. The 
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results were already familiar to me from the water seeding in Honduras. During 
these four passes the elevation of the plane had gradually increased to nearly 
7000 feet. The cloud itself, however, had grown considerably, and I estimated 
that its top was at 9500 or 10,000 feet at the end of the fourth pass. 

I then suggested to the controller that the plane fly towards the northwest 
for a few miles in clear air so that we could get a good view of the base of the 
cloud. It was apparent that a considerable amount of rain was falling from 
the base of the cloud. The volume of the cloud had increased several-fold, 
and it was still growing in height and in diameter. 

Over the interphone we could hear that all were apparently convinced that 
the second cloud was the one that had been seeded. A little later it was 
announced that the seeding of Cloud B had taken place on the first pass. 

After staying for a few minutes in the neighborhood of Cloud B to observe 
the rain falling from it and its rate of growth, we started back in a northerly 
direction towards San Juan. 

Looking back at the clouds in the neighborhood of Cloud B from a distance 
of about 10 miles, one could see that 6 to 10 miles west of Cloud B there was 
another mass of clouds of height comparable to that of B. However, as time 
went on, Cloud B kept growing, whereas the other cloud decreased in size. 

Dr. Schaefer came up into the plastic dome at about this time, and he took 
one photograph showing the Cloud B directly astern. At this time, it was far 
higher and larger than any other cloud that could be seen. 

Clouds C. About half-way between the site of Cloud B and the south shore 
of Puerto Rico, we came upon another rather large group of clouds that were 
rising to heights of 6000 to 8000 feet. Some time was spent among these clouds 
making passes through them and observing the radar echoes from the nose- 
radar outfit, mainly for the purpose of showing the various devices to Dr. 
Oppenheimer who had not had a good opportunity to make these observations 
when Clouds B and A were being worked on. This was also the first 
opportunity that I had to observe the radar scope from the nose radar and to | 
see how perfectly the distribution of rainfall in a vertical plane was shown 
on passing through or near various cumulus clouds. I have called this group 
of clouds Clouds C. 

A considerable number of these clouds were already showing radar echoes, 
and in some cases rain could be seen falling to the sea with rainbows occasion- 
ally visible in the virga falling from them. None of these clouds, however, 
seemed to rise to a height as great as that of Cloud B. 

Clouds D. While approaching the south shore of Puerto Rico, we could 
see that the clouds over the island reached to greater heights. There was one 
cloud a few miles west of our flight path that formed a broad dome that 
rose to 12,000 or 13,000 feet, but other clouds did not exceed about 10,000 
feet. The cloud bases were the same as out over the sea, about 3700 feet, only 
the tips of some of the higher mountains being hidden by the clouds. We 
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flew under the clouds and had a good view of their bases for many miles on 
all sides; we noted that no virga were falling from any clouds. 

Cloud E Seen from San Juan Airport. Upon landing at the San Juan 
airport at 3:30 p.m., Puerto Rico time, we noticed an extremely tall cumulus. 
cloud rising as a column over the mountains at an azimuth of 200°. This was. 
undoubtedly the ‘‘broad dome” seen among the Clouds C about 25 minutes. 
previously. 

The sun was shining at San Juan, but over the mountains to the seit 
there were clouds rising to about 10,000 feet which hid the base of the high 
Cloud E that attracted our attention. We estimated that this cloud was about 
25 miles away (confirmed later by examining a map of Puerto Rico) at 66°15’W 
longitude and 18°8’N latitude. 

The angular height of the top of the cloud above the horizontal was estimated. 
to be 12.6°. Five minutes later it had risen to about 14.0°.. The height of the 
top of the cloud when first seen from the San Juan airport was 30,000 feet, 
and within five minutes it had risen to 33,000 feet. The increase in‘ height 
was thus 3000 feet in five minutes or 17,000 feet in 30 minutes—roughly 7 
miles per hour. The diameter of the cloud appeared to be about 1/4 of its 
height, which would fix it at about 1.5 miles. The cloud formed a huge column 
rising far above the clouds in the foreground, the upper half being tilted over 
to the left at-a uniform angle of about 20° from the vertical. 

This cloud rose to such a great height that most of it was far above othe 
freezing level (16,000 feet). It was, therefore, carefully watched for any signs 
of ice-crystal formation. Somewhat later, some virga were seen falling from 
the left side of the cloud at an altitude of about 24,000 feet. It was soon realized. 
that the virga were supercooled rain, for they gradually formed a pendulant 
bulb, like part of a mammatus cloud, which soon evaporated without leaving 
a residue. 

About 15 minutes after the cloud was first noticed, the top began to spread 
out as a disk or pancake which moved off to the left as through blown by a 
moderate wind from the WSW. This cirrus pancake continued growing in 
size but not appreciably in height or thickness. Even after this large pancake 
extended 6 or 8 miles to the left, no trace of virga could be seen falling from 
it. This, I think, proves that the ice crystals had been formed at the —40° 
isotherm where the whole cloud could change from a supercooled cloud to 
ice crystals almost instantly without increase in particle size. 

If, however, there had been any appreciable number of ice crystals that 
formed within the cloud before it reached the —39° isotherm, they would 
have had ample time to grow to relatively large size, and, if they were then 
carried up above the —40° isotherm, they would be of sufficient size to fall 
out and give very distinct virga, forming a typical anvil top. 

Cloud E as Seen from Ramey Field. On reaching Ramey Field, 65 miles 
from San Juan, we could still see Cloud E and the cirrus pancake that had 
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formed from it. It subtended an angular height of 6° above the horizon. The 
distance of the cloud from Ramey Field at that time was about 63 miles. There- 
fore, the height of the cloud should have been 35,000 feet, which checks well 
with the observations made from San Juan. 

Since my return to Schenectady, Mr. Ray Falconer has obtained for me 
the upper-air data for San Juan at 11 a.m. and 23 (A.S.T.). There was no 
temperature inversion except at an altitude of 50,000 feet at 140 mb and a 
temperature of —77°C. 

From sea level (27° and relative humidity of 61 per cent), the lapse rate 
was close to the dry adiabatic up to 2600 feet, and then up to 12,500 feet (640 mb) 
the lapse rate was almost exactly that of the wet adiabatic. 

Between 12,500 feet and 20,600 feet (480 mb), the air was dry, with a humid- 
ity of only about 23 per cent at 14,000 feet. There was no inversion at this 
level, but the air from 12,500 feet to 17,000 feet showed an appreciable stability. 
The temperature at 17,000 feet was about 2.5°C higher than would be ex- 
pected from the wet adiabatic curve for the lower altitudes. 

Above 17,000 feet, the lapse rate was greater than corresponds to the wet 
adiabatic, and this. was true to a height of at least 31,000 feet, where the tem- 
perature was —40°C. 

Below about 12,000 feet, the winds were very light and siciaped about 
8 knots from the N or NE directions. Between 15,000 feet and 26,000 feet 
the .winds were, in general, W with an average velocity of 11 knots. 

Dr. Byers, in his talk to us on February 12, had said that their experience 
since November in Puerto Rico was that they have only warm clouds, and 
they found no occasion to use dry ice for seeding. These observations were 
in. full accord with those of Project Cirrus from February 3 to 13, 1949. We 
found only one cloud that reached 12,000 feet, and, in general, clouds did 
not rise above 10,000 feet. 

The Cloud E that was seen on February 13, 1954, from San Juan was a very 
unusual cloud for Puerto Rico at this time of the year. It reached to a height 
of 33,000 feet, or 17,000 feet above the freezing level. 

The Cloud E closely resembled typical clouds that I frequently saw in Hon- 
duras in February 1948 and in March and June 1949, as described in ‘‘Studies 
of Tropical Clouds,’ Occasional Report No. 25, in the 1951 Final Report, 
pages 279 to 295. - 

The conditions on February 13 were unusual in that there was no inversion 
at the usual altitude of 6000 to 8000 feet. Instead of that, there was a layer 
of moderately stable dry air at a height from 12,500 feet to 17,000 feet, much 
higher than usual. There also must have been a lack of trade winds for several 
days, which probably resulted in a relatively small number of large salt particles. 

If this Cloud E had been seeded with dry ice at a height of about 20,000 
feet, the entire-rising column of cloud would have turned to ice crystals and 
would have formed heavy -rain that would have reached the ground. 
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Instead of that, because of the lack of freezing nuclei, no substantial number 
of ice crystals were formed until the —40° isotherm was reached, where the 
ice crystals that were formed were so small in size that they could not fall 
and were carried away in the form of a cirrus overcast. There were no other 
cirrus clouds in the sky on this day. 

The lack of rain over the island of Puerto Rico as compared with the fre- 
quent rain from even lower clouds over the open sea presents an interesting 
problem. I presume that over the Caribbean the vertical velocities were low, 
so that, although there were not very many large salt nuclei, they had ample 
opportunities to grow to size sufficient to give radar echoes and to give light 
rain. Over the island, however, the heating of the mountain slopes exposed 
to sunlight made the updrafts much stronger, so that some clouds rising to 
greater heights broke through the stable layer. With the higher vertical veloci- 
ties, there was insufficient time for the salt particles to grow large enough 
to give appreciable amounts of rain. Since there was no adequate inversion, 
it was thus possible, where this convective activity reached its maximum at 
Cloud E, for this cloud to rise to the —40° isotherm. 

On the following day, February 14, the trade wind had suddenly started, 
blowing fairly strongly from the ENE and heavy rain was falling at Ramey 
Field when we took off for Washington at 10:00 a.m. Out over the sea we 
could see very large waves and whitecaps indicating a strong trade wind. 

When the trade wind started up and encountered the stationary air that 
had been prevailing there, the resulting convergence undoubtedly stimulated 
the growth of clouds and gave rain over the island. These cumulus clouds, 
however, did not rise to great heights, but there were several thin layers of 
stratus clouds above this, including some cirrus at high altitudes. We saw 
no signs of high cumulus clouds like Cloud E seen on the previous day. 


Water Collected on the Plastic Dome of the Plane During Passes Throug! 
Cloud B ; 


When I was in the plastic dome observing the tests on Cloud B, I observed 
in the first pass through the cloud that there was a sudden deposition of a con- 
siderable amount of water near the stagnation point on the forward side of 
the plastic dome. This deposition occurred on a sharply defined area that 
was about one foot wide and extended about 6 inches above the stagnation 
point where the hemispheral dome joined the body of the plane. 

My first impression was that this substantial collection of water on the 
plastic dome indicated that the droplets from the cloud during the first pass 
were larger than would ordinarily be expected in a cloud in which the rain- 
producing mechanism had not yet started. 

In a report entitled, ‘“‘Supercooled Water Droplets in Rising Currents 
of Cold Saturated Air’? (work done under Army Contract No. W-33-106- 
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sc-65), a study was made of the Mt. Washington Observatory data on de- 
position of rime upon cylinders and spheres taken in March 1943. A theory 
was developed by which the particle sizes in the clouds could be calculated 
from the rate of deposition on cylinders or spheres. 

Later, the calculation of the efficiency of deposition was made by means 
of a differential analyzer. A report on this work was made under the title ‘‘Mathe- 
matical Investigation of Water Droplet Trajectories,” by Irving Langmuir 
and Katharine B. Blodgett (work done under Army Contract No. W-33-038- 
ac-9151), dated. December 1944 and July 1945. This report was reissued in 
June 1949 as a General Electric Research Laboratory Report, RL-225. 

It was shown on pages 4 and 7 of the report, RL-225, that the efficiency 
of deposition of the droplets and its distribution over the surface of cylinders 
and spheres depends upon two numerical quatities K and ¢, which can be 
calculated in terms of: 

0, — the density of the spherical water droplets in the clouds (9, = 1 g/cm‘); 

a — the radius of the water droplets in the cloud; 

U — the wind velocity with which the air passes over the collector or 

the airplane speed if the collector is on a plane; 

n — the viscosity of the air, which at —10°C is 7 = 1.66x10-‘ g/cm sec 

(this would not be substantially different at +10°); 

C — radius of the cylinder (or of the sphere) on which the collection 

takes place. 

If we express the radius of the droplets (a) in microns, the velocity of the 
plane (U) in statute miles per hour, and the radius (C) in centimeters, then, 
according to Eq. (21) on page 4 of the report, 


K = 6.0x 10-4 Ua?/C; (1) 
and, by Eq. (25b) on page 7, 
, ¢=5.3CU (2) 


For either spheres or cylinders, there is a critical value of K below which 
no deposition occurs on any part of the collector. For the case of cylinders, 
the critical value of K is 1/8, while for spherical collectors it is 1/12. The method 
of calculating these critical values is given in RL-225, Appendix A, page 35. 

If we introduce into Eq. (1) K = 0.083, U = 160 mi/hr, and, for the radius 
of the spherical plastic dome, C = 45 cm, we find that the critical droplet 
radius below which no particles would be collected on the dome is 6.2 microns; 
or the diameter of the smallest particles that would be collected would be 
12.4 microns. The fact that particles were collected in considerable quantities 
indicates that a certain fraction of the cloud droplets had diameters of 13 
microns or more. 

Notice that, to determine the critical conditions for collection of droplets, 
it is not necessary to calculate the quantity ¢ given by Eq. (2). 
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From the data in RL-225, it is possible to estimate the maximum size of 
the particles in the cloud. For this purpose, we need to calculate ¢, which 
is found to have the value ¢ = 37,000. The curves plotted in Fig. 12 of the 
report give, for different values of K and @, the angle 8, beyond which no 
deposition occurs on the surfaces of the spheres, where B, is the spherical 
angle corresponding to the radius of the zonal area on which deposition occurs. 

Since the circular area of deposition had a diameter of 12 inches, its radius 
would be 15 cm, so that the sine By is 0.33 and By is 19°. From Fig. 12, for 
¢ = 33,000 and By = 19°, we have K = 0.28. Introducing this into Eq. 
(1) with the values of U and C, we find that the maximum radius of the par- 
ticles collected at By = 19° is 11.5 microns. The maximum diameter of the 
cloud particles, as determined from the deposition on the cylinder, should 
thus be 33 microns. 

Particles ‘of this diameter have a falling velocity in quiet air of about 2 cm/sec. 
To get particles that would fall at the velocity of 1 m/sec, would require that 
the diameters of the particles be at least 250 microns. 

The observations of the deposition of water on the plastic dome show 
that the larger particles in the cloud ranged from 13 to 23 microns in diameter, 
so that the deposition during the first pass gives no indication that the cloud 
was approaching the condition in. which rain would form spontaneously. 
However, during the third and fourth passes through the clouds, only about 
10 minutes later, the drops were of such size that they struck the body of the 
plane with sufficient impact to give an easily noticeable noise, and within 
10 to 15 minutes the rain was seen to reach sea l2vel. It must have fallen with 
an average of 2 to 3 m/sec, which would correspond to particle sizes of at 
least 500 to 700 microns diameter. 

It will be interesting to compare these estimates of the droplet sizes from 
crude observations of the deposition of water on the plastic dome with the 
accurate measurements of droplet sizes obtained from the microphotographs 
of particles collected by the observer in the nose of the plane. 


Conductions that Lead to the Development of Rain Showers in Trade-Wind 
Clouds 


The events that followed the seeding of Cloud B with 400 gallons of water 
on 13 February 1954, as described earlier in this report, seem to be effects 
that many reasonably be attributed to the seeding. 

Later, we shall frankly make and test a seeding hypothesis according to 
which the radar echoes (droplet growth), increased turbulence, updrafts in 
the cloud, sustained rain, etc., were induced by the water seeding of Cloud B. 

Any evaluation of such effects of seeding should, however, be based on know-. 
ledge of conditions that must be fulfilled in trade-wind clouds over the open 
sea before there can be natural or spentaneous formation of rain. - 
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We can conveniently consider the problem of the formation of rain in these 
cumulus clouds in three stages: 


1. Prerain Stage—the characteristics of the trade-wind clouds before they 
give rain. 

2. Rain Stage—the mechanisms by which rain can form naturally in trade- 
wind clouds. 

3. Seeding Stage—the changes that can be produced in trade-wind clouds 
(during Stage 1) by water seeding, and the possibility that these changes 
may induce or prevent rain. 


Most of our knowledge of the prerain and the rain stages of cumulus clouds 
has been based on observations of clouds over land or near coast lines where 
the proximity of land plays an important part. These clouds are ordinarily 
caused by updrafts of moist air associated with low-level horizontal conver- 
gence. The heating of land, or more particularly of mountain slopes by solar 
insolation, is a common cause of these updrafts. The nocturnal settling of 
cold air into valleys may also lift the warm air, producing cumulus clouds 
or even thunderstorms. Moist winds rising over mountains form cumulus 
clouds by orographic lifting. Clouds are also formed when sea breezes or 
trade winds, meeting a coast, are lifted orographically or are decelerated during 
the daytime by the turbulent mixing with the slower-moving lower-level 
air. At night (see page 572), katabatic winds trom mountains may flow under 
the oncoming trade winds and, by lifting the trade winds, may produce 
cumulus clouds or thunderstorms. 

Similar theories which assume small-scale types of turbulence have been 
applied to the formation and growth of the cumulus clouds that are character- 
istic of the trade-wind belt over the open sea. 

A new light has, in recent years, been thrown on the nature of these trade- 
wind clouds in the prerain stage by the important researches of the Woods 
Hole Oceanographic Institution. It has been discovered that these small trade- 
wind clouds are the most important feeders of the energy that fuels all of the 
earth’s mighty wind systems. 

In October 1946, the Woods Hole Oceanographic Institution released 
a report (hereinafter referred to as ‘‘WHR’”’) entitled ‘‘Vertical Motion and 
Exchange of Heat and Water Between the Air and the Sea in the Region of 
the Trades.’’ This was based on studies conducted during April 1946 in the 
Caribbean Sea frontiers.* : 


* This report ‘‘WHR” was made to the Bureau of Ships under Contract NO-bs-2083. It 
contains 142 pages of text with numerous diagrams and photographs of apparatus. There is a sup- 
plement containing 26 photographs of typical areas of trade-wind clouds over the open sea as 
seen from an altitude of 18,000 feet, together with 56 plates that have diagrams of the meteor- 
ological conditions during the interval from April 12, 1946,to April 28, 1946, during which 
these data were obtained. 
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A brief summary of later studies of trade wind clouds, particularly by 
a Woods Hole group in the Caribbean area in June 1952 and April 1953, has 
been given in an article (hereinafter referred to as ‘‘SAR”) by Joanne S. Malkus 
in Scientific American, 189 (November 1953), pp. 31-35. The following 
remarks on trade-wind clouds are based largely on the two reports WHR 
and SAR. 

The trade-wind clouds congregate characteristically in relatively small 
clusters, with large clear areas between them. They constitute the hearts of 
widespread circulatory systems which carry moisture upwards into the origi- 
nally dry subsiding air that feeds the trade winds. The clouds represent con- 
vective phenomena localized in the cloud layer. Unlike cumulus clouds overland, 
the trade-wind clouds do not originate from heat sources or from local con- 
vergence below the cloud bases. The absence of updrafts into the trade-wind 
cloud bases was proved by airplanes, equipped with accelerometers, flying 
just under the clouds. 

The instability of the air within the cloud clusters arises quite as much 
from differences of humidity as from differences of temperature. The clouds 
are to be regarded as an instance of water-vapor convection associated with 
the buoyancy of low-level moist air, moist air being lighter than dry air. 

‘Three clearly distinguishable layers of air were revealed by the airplane 
soundings: the sub-cloud layer, the cloud layer, and the super-cloud layer. 
These three layers comprise trade-wind air, moving from the east or northeast. 
Within them there is relatively little change of wind speed or direction with 
height. Above them, beginning at altitudes of 12,000 to 16,000 feet, lies the 
layer of the counter trade winds,”’ in which the humidity is extremely low. 

The cloud layer extends from the level of the cloud base up to that of the 
trade inversion, which is usually between 6,000 and 10,000 feet. On any given 
day (WHR, p. 106), the height of the cloud base is quite uniform and, during 
April 1946, it averaged about 2,000 feet. The height of the tops of the clouds, 
however, is rather irregular. 

The cloud layer is made up of large clusters of clouds three to five miles 
across which occupy approximately only three to ten per cent of the total 
area, There seems to be no regularity in the distribution of the clouds such 
as would correspond to a system of Rayleigh convection cells. The large clear 
areas between the cloud clusters have dimensions of the order of 10 to 30 
miles (WHR, p. 82). 

The cloud clusters between the clear areas of the cloud are not solid masses 
of clouds but consist of a few growing cumulus clouds that may rise to 6,000 
or 8,000 feet and small clouds, many of which are in the process of dissipating. 

Cloud clusters consist of clouds of various sizes and heights—some growing, 
some dissipating. Many of these clouds are well separated by clear spaces 
much larger than the clouds themselves; other clouds are joined together. 
There are indications that the isolated clouds are likely to be in the dissipating 
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stage, while the close grouping of clouds seems to favor their growth. Thus, 
even large clouds are almost always full of clear spaces—holes through which 
the ocean could be seen—suggesting that the large clouds are actually formed 
from families of smaller clouds that were at first independent. 

Sub-cloud Layer. In this layer, nearly up to the level of the cloud bases, 
the lapse rate corresponds closely with the dry adiabatic, so that there is no 
inherent stability. There is also mild turbulence, especially in the lower layers, 
which appears to be due to the eddies set up by the trade wind blowing across 
the tops of the waves. The moisture content as expressed in terms of the mixing 
ratio is about constant from sea level up nearly to the cloud base. Near the top of 
this sub-cloud layer there is an appreciable decrease in the lapse rate which gives 
a certain amount of stability, and there is also a decrease in the mixing ratio. 

Temperature and Humidity in the Cloud Layer. Within the cloud layer, 
the humidity in the clear areas is naturally very much lower than it is in the 
clouds within the clusters, but the differences of temperatures at a given level 
between the clear areas and the clouds are relatively small. 

The temperature gradient within the clouds themselves where the air is 
saturated does not correspond to the wet adiabatic lapse rate but is interme- 
diate between it and the dry lapse rate. In the clear areas between clouds, 
the dry temperature follows essentially the same course as in the clouds. In 
the clear areas, the mixing ratio is much lower than it is in the sub-cloud layer 
and it diminishes with increasing height, the gradient being the greatest at 
the bottom of this cloud layer. In the regions free of clouds—that is, the large 
clear areas between the clusters—the boundary between the two layers (the 
sub-cloud layer and the cloud layer) is identifiable by the sudden drop in 
humidity with increasing height. 

The fact that the lapse rate within the clouds themselves is distinctly less than 
that corresponding to the wet adiabats is accounted for by the theory of entrain- 
ment which was developed in the report by Henry Stommel on pages 85 to 
95 of WHR. 
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VOLUME 1 
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Mechanism of Chemical Reactions 


1. The Partial Recombination of Dissociated Gases During Cooling. Inaug- 


ural dissertation for Doctor’s Degree, Géttingen. (1906). 


2. The Dissociation of Water Vapor and Carbon Dioxide at High Tem- 


peratures. JACS, 28, 1357 (1906). 


3. The Velocity of Reactions in Gases Moving Through Heated Vessels 
and the Effect of Convection and Diffusion. JACS, 30, 1742 (1908). 
8. A Chemically Active Modification of Hydrogen. JACS, 34, 1310 (1912). 


7. The Dissociation of Hydrogen into Atoms. JACS, 34, 860 (1912). 


18. Note on the Heat of Formation of Hydrogen from Hydrogen Atoms. 
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22. The Dissociation of Hydrogen into Atoms. (With G. M. J. Mackay). 


JACS, 36, 1708 (1914). 


25. The Dissociation of Hydrogen into Atoms. II. Calculation of the Degree 
of Dissociation and the Heat of Formation. JACS, 37, 417 (1915); Zeit. f. 


Electrochemie, 23, 217 (1917). 
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in a Tungsten Lamp. JACS, 35, 105 (1913). 
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* Editor’s Note: The numbers represent the order in which the papers were published. 
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